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Chloroplast Movement: from Phenomenology 
to Molecular Biology 

By Wolfgang Haupt 



1 Introduction 

In the second half of the 19th century, botanists discovered and became 
interested in the displacement and reorientation of chloroplasts in the 
cell, particularly with respect to light. As usual, in a first period of re- 
search, as much information as possible was collected about the phe- 
nomenon in its huge diversity throughout the plant kingdom. This pe- 
riod peaked in the monograph by Senn (1908), which became the fun- 
dament for subsequent additional and supplementary work in the de- 
scriptive sense, and which is still a valuable source of detailed informa- 
tion. 

Although the early authors, and particularly Senn, already posed ba- 
sic questions on the causality of oriented chloroplast movement, com- 
prehensive physiological research began in the 1950s. At the beginning 
of this second period, main research centred on the first step in the light- 
controlled responses, viz. perception of light, with emphasis on the 
photoreceptor pigments. In these topics, substantial knowledge has ac- 
cumulated, and on this sound basis, molecular and genetic approaches 
have recently been started. 

On the other hand, research on the mechanism of movement and its 
control have become effective only in the recent decade or two, when 
"classical” approaches could be combined with molecular ones. This 
combined research now leads to steadily increasing knowledge about 
ultrastructure as well as the biophysics and biochemistry of the motility 
system ( the motor apparatus) and of the controlling factors. 

Many detailed and comprehensive, as well as summarising, reviews 
have appeared in the past decades, which are cited, e.g., in Haupt and 
Scheuerlein (1990), Nagai (1993), Wada et al. (1993), Wagner (1995) and 

In 1957, when the author gave a lecture for his higher qualification, he selected the topic 
CHLOROPLAST MOVEMENT; he presented the state of the art and pointed out prob- 
lems to be analysed. Afterwards, one of the professors commented: "You have done a 
fairly good job; but it is a pity that you have selected such an old-fashioned topic, which 
has no perspective for modern research". 

The reader of the following chapter may decide whether in retrospect the critical 
professor was right. 
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Yatsuhashi (1996). The present review tries to inlcude the historical as- 
pect, starting with the descriptive level, continuing to the physiological 
approach, which finally extends to molecular genetics. 



2 The Period of Phenomenological Research 

Bohm (1856) was probably the first to report on changes in the intracel- 
lular chloroplast distribution as depending on the light conditions. As a 
general rule, the pattern of intracellular distribution in high- intensity 
light (which corresponds to direct sunlight) is different from that in 
lower intensities (as typical for an overcast sky), and these patterns have 
a relation to both light direction and neighbouring cells (e.g. Frank 
1871; Stahl 1880). In detail, however, these patterns exhibit a huge di- 
versity, depending on taxonomy and cell morphology. 

In his comprehensive monograph, Senn (1908) pointed out common 
principles on the one hand, and classified the manifold phenomena on 
the other (supplemented by Senn 1919). Accordingly, all the various 
patterns can be described by a logical and comprehensive terminology 
(e.g. epistrophe, parastrophe, etc.). This sophisticated terminology is still 
useful for phenomenological research. For physiological investigations, 
however, which aim at analysing single cases or at finding common 
rules, a more general and unif)dng terminology is preferable (cf. Haupt 
1959a) and will be used in this review, viz. low- and high-intensity ar- 
rangement (movement, response), besides the dark arrangement if oc- 
curring, although fluence rate is physically more correct than intensity 
(cf. Wada et al. 1993). 

In the early time, there was already another unifying terminology, 
which, however, appears to be outdated and should now be avoided: 
superficially, the rearrangement of chloroplasts recalls the orientation of 
microorganisms with respect to light direction and was therefore called 
phototaxis; but this term tacitly implies that the chloroplasts themselves 
perceive the light direction and respond by an oriented movement indi- 
vidually and actively in a "resting" cytoplasmic environment; it neglects 
the respective alternatives, although these questions had already been 
discussed very early. 

This concern about the "phototaxis" concept becomes evident if one 
follows the rearrangement in a "standard" object, e.g. Lemna or Funaria, 
In high-intensity light, the chloroplasts assemble at those walls that are 
parallel to the light direction, i.e. at the anticlinals. When in low- 
intensity light they rearrange to the periclinal walls, some of them mi- 
grate to the proximal wall, i.e. towards the light source, but others to the 
distal wall, i.e. away from the light. This would be hard to understand if 
the chloroplasts were perceiving the light direction by themselves and 
orienting accordingly, part of them with positive and others with nega- 
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tive "phototaxis", and vice versa in high-intensity movement. Indeed, as 
early as 1880, Stahl speculated about "attraction sites" in the cytoplasm, 
generated by unequal light distribution, to which the chloroplasts re- 
spond chemotactically rather than photo tactically. This would mean, of 
course, sensing of light outside the chloroplasts. 

Continuing along this line, Senn's research became already physio- 
logical. He demonstrated that it is not really the direction of light, but its 
distribution within the cell that determines the pattern of chloroplast 
arrangement, so that in low-intensity light chloroplasts assemble at the 
sites of highest illumination, whereas in high intensities they escape 
from these sites. Senn therefore asked how the vectorial information of 
the light beam is transformed into an intracellular gradient of light ab- 
sorption. He pointed out that the most important factors determining 
this transformation are refraction and reflection of light at the optical 
boundaries (environment/wall/cytoplasm/vacuole), due to differences in 
the index of refraction. For various cell types and dimensions, he con- 
structed light paths and found excellent consistency between predicted 
intensity distribution and arrangement of chloroplasts. Thus, the chlo- 
roplasts respond to optical gradients in the cell, and species-specific 
differences are mainly due to differences in the geometrical and optical 
properties of the cells. 

For most of the cells, the role of reflection can be neglected, and the 
results of refraction can be reduced to two types (Senn 1908). (1) As 
plant cells usually act as collecting lenses, at least in air, part of the dis- 
tant region (as related to the light source) receives more light than the 
proximal region. Accordingly, in some particular cases the chloro- 
plast(s) prefer this "focus" region in low-intensity light (e.g., in the green 
algae Ulva and Hormidium and in the epidermis of Selaginella). (2) As a 
rule, however, another effect is by far more important: due to the refrac- 
tion, the regions at the flanks are bypassed by direct light, the gradient 
distal/proximal vs. flanks directs the chloroplasts to the usual low- 
intensity arrangement at the distal and proximal wall (see above); thus, 
no discrimination is made between light beams propagating in two op- 
posite directions. 

As a complication, these patterns can be modified by effects from neighbouring cells 
(Senn 1908). Such effects can be separated from light effects by analysing the dark ar- 
rangement, which is frequently found. The factors responsible for these patterns are still 
unknown; they may be, according to Senn, substances that are locally accumulated or 
depleted by the metabolism of neighbouring cells. Our present knowledge has not sub- 
stantially exceeded that general view; only few recent more detailed investigations are 
available (e.g. Riiffer et al. 1981). Lack of general interest may be due to the fact that most 
of the modern model systems either have no specific dark positioning (e.g. Mougeotia), 
or have a random distribution in darkness (e.g., Vaucheria, Adiantum), thus obviously 
not being under the influence of asymmetric factors other than light. Moreover, experi- 
mentally, it is much easier to vary the light conditions precisely in space, time and in- 
tensity than to vary "internal conditions" i.e. in the surrounding tissue. Finally, the 
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movement to the dark arrangement ususally requires more time than the response to the 
light. 

The above-mentioned question whether chloroplasts move actively in 
the cytoplasm, or are transported passively by masses of cytoplasm, was 
already discussed by the early investigators. Although occasionally fila- 
mentous structures have been observed and thought to exert pulling 
forces on the chloroplasts (e.g.. Knoll 1908), there were also doubts 
about this function (e.g., Boresch 1914, Voerkel 1934). However, Senn 
had already pointed out that this "active-passive" question need not be 
an "either-or" one. Instead, he put forward the "peristromium hypothe- 
sis", according to which a cytoplasmic "envelope" around the chloroplast 
is responsible for the movement; thus chloroplasts are passively moved 
by a cytoplasmic structure, but still their main cytoplasmic "environ- 
ment" is resting. Indeed, Strugger (1956) claimed to have found the 
peristromium; but later ultrastructural investigations with improved 
techniques failed to confirm it, and it can be considered as outdated. 
Recent "as-well-as" views will be presented in Section 3.b. 

As to the photobiology of chloroplast movement, the early authors 
were already interested in the effective spectral ranges, as far as theoreti- 
cal and methodical backgrounds allowed it. According to Senn, in most 
cases the response is restricted to the short-wavelength part of visible 
light. For Funaria, this was confirmed and slightly improved by Voerkel 
(1934), who used broad-band gelatine filters. He found blue and blue- 
green light the most effective spectral ranges, and this reminded him of 
phototaxis and phototropism. On the other hand, Senn had also pointed 
out the remarkable exception that the alga Mougeotia is sensitive to red 
light for its low-intensity response, whereas the high-intensity response 
fits in the general blue-light rule. 

In conclusion, until the middle of our century, an amazing amount of 
descriptive information was accumulated, and in many of the publica- 
tions physiological questions were touched upon and respective investi- 
gations initiated. Subsequently, this developed to successful analytical 
research, on which the following sections will be centred. 



3 Physiological and Molecular Approach 

At the start of the new era, two main questions were posed: 

a) Perception: how is the light signal perceived (Sect. 3.a)? 

b) Response: what mechanism underlies the movement (Sect. 3.b)? 

From progress in these two topics, viz., input and output, a third ques- 
tion is becoming accessible: 
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c) Transduction: what steps can be found between input and output, 
forming the sequence of events in the "black box" (Sect. 3.c)? 

As a basis of recent research, quantification of chloroplast arrangement 
and respective responses has been substantially improved by methods of 
photometric recording (e.g., Pfau et al. 1974; Zurzycki et al. 1983), which 
can be processed by computer programmes. Besides, most of the ap- 
proaches to particular questions are based on new or at least improved 
experimental methods, as will become evident in the respective sections. 



a) Perception 

Basic questions are the nature of the photoreceptor pigment and its lo- 
calisation or compartmentation in the cell (a). Unexpectedly, in several 
cases there are multiple photoreceptor substances, working alternatively 
or in series ((3). Most important for an oriented response is the percep- 
tion of light direction (y). Finally, first promising results of genetic ap- 
proaches at the level of perception will be presented (6). 



a) The Photoreceptor Pigment 

As mentioned in Section 2, in most cases the response is restricted to 
short wavelengths. The first precise action spectrum was established by 
Zurzycki (1962b) for Lemna trisulca, showing peaks near 450 and 
370 nm. Thereafter, similar results were obtained in a huge diversity of 
taxonomic groups and ecotypes such as algae, mosses and pterido- 
phytes, mono- and dicots, water plants and land plants, for low- as well 
as for high-intensity movement (e.g., Fischer- Arnold 1963; Zurzycki 
1967a; Lechowski 1972; Inoue and Shibata 1973). They all strongly recall 
those for other blue-light responses in plants and fungi, suggesting a 
common universal photoreceptor pigment, usually called cryptochrome. 
Although the action spectra and other evidence (see below) strongly 
point to a flavin compound as responsible for perception, other blue- 
light and UV-absorbing pigments cannot be excluded yet. For recent 
progress, see Section 3.a.5. 

The exceptional dependence of the low-intensity response on red 
light in the alga Mougeotia (Sect. 2) was a challenge to test the hypothe- 
sis that here photoperception is located in the chloroplast proper, with 
chlorophyll as the photoreceptor pigment. This hypothesis, however, 
was disproved by Haupt (1959b), whose experiments by chance fell into 
the period of fast-growing phytochrome research. The action spectrum, 
as well as a typical reversible red/far-red antagonism, indicated phyto- 
chrome as photoreceptor pigment. 
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The cell morphology of several species, particularly of Mougeotia, al- 
lowed for partial irradiations of the cell with microbeams, with or with- 
out touching the chloroplast. As a result, the photoreceptor pigment was 
located in the cytoplasm rather than in the moving chloroplasts, for 
phytochrome in Mougeotia (Bock and Haupt 1961) as well as for crypto- 
chrome in Vaucheria sessilis and Selaginealla martensii (Fischer- Arnold 
1963; Mayer 1964). Incidentally, the former result was the first approach 
to intracellular location or compartmentation of functional phyto- 
chrome. 

Using polarised light, a strong action dichroism was found in 
Mougeotia, with maximal response if the electrical vector vibrates per- 
pendicularly to the axis of the cylindrical cell (Haupt 1960). Supple- 
mented by polarised microbeams, Haupt and Bock (1962) concluded 
that the transition moments of phytochrome are oriented parallel to the 
cell surface and to single-handed helical lines around the cell. 

However, this surface-parallel orientation is restricted to the red-absorbing form of 
phytochrome, Pr. From otherwise unexplained results and based on conclusions of Et- 
zold (1965) for polartropism in fern protonemata, Haupt (1968) postulated that in 
Mougeotia phytochrome in its far-red absorbing form (Pfr) is oriented with its transition 
moments normal to the surface, and this has been proven with polarised microbeams 
(Haupt 1970a). Later, with preparations of immobilised oat phytochrome, such a change 
in molecular orientation upon photoconversion was demonstrated directly in vitro, 
although only by 32° rather than by 90° (Sundqvist and Bjorn 1983). Nevertheless, all 
theoretical conclusions based on the 90° change can be fitted also with the 32° change 
(Bjorn 1984) or even less, if some boundary conditions are met (Nakasako et al. 1990). 

After the initial experiments of Mayer (1964) in Selaginella martensii, an 
action dichroism was found also in nearly all blue-light-responding 
species investigated so far, which always indicated dichroic orientation 
parallel to the cell surface for cryptochrome as well (Zurzycki and Le- 
fatko 1969). The most spectacular result was obtained in the lower epi- 
dermis of Sambucus nigra, with only few chloroplasts, which exhibit a 
dichroic "micropattern" along the strongly folded walls (Fig. 1). 

In Funaria the action dichroism disappears below 400 nm (Zurzycki 
1967b). This was taken as strong support for cryptochrome being a fla- 
vin, because in a flavin molecule the transition moments for the two 
absorption peaks in UV (260 and 370 nm) are tilted by 30° to 50° against 
that for 450 nm (Kurtin and Song 1968). Accordingly, Zurzycki (1972) 
suggested that the transition moments for the UV are inclined by about 
45° to the surface, thus excluding any directional preference of absorp- 
tion. 

As an additional argument in favour of flavin, Mayer (1966) reported in Selaginella 
martensii an inhibition by iodide, which is known as a quencher of the triplet excited 
state of flavins, and this inhibition has been found also in other species (see below). 
Unfortunately, however, the inhibition is restricted neither to blue light, nor to the per- 
ception proper. Rather, the response to red light in Mougeotia is affected as well, even 
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Fig. 1. High-intensity chloroplast ar- 
rangement in the lower epidermis of 
Sambucus nigra in polarised light. No- 
tice the location at those parts only 
where the electric vector (double ar- 
row) is perpendicular to the cell wall 
(least absorbing sites). (After Zurzycki 
and Lefetko 1969) 



when iodide is applied in darkness after \he light signal (Schonbohm 1967). Yet, although 
it does not support the flavin hypothesis, inhibition by iodide can be a useful handle in 
particular cases (cf. Sect. 3.a.(3). 

Coming back to the exceptional red-light sensitivity for the low-intensity 
movement of Mougeotia, the closely related unicellular Mesotaenium 
shares the main features with Mougeotia (Haupt and Thiele 1961). The 
same is true for fern proto nemata, as shown by Yatsuhashi et al. (1985) 
for Adiantum capillus-veneris, although here the surface-parallel transi- 
tion moments of Pr are not restricted to a single-handed helix (Yatsuha- 
shi et al. 1987a, b). As ferns can contain more than one phytochrome 
species (e.g., Maucher et al. 1992; see Sect. 3.a.8), and because of multi- 
ple phytochrome responses of protonemata in development (e.g. Wada 
et al. 1983; Hayami et al. 1992), Adiantum might become a model system 
to relate particular phytochrome species to particular responses as a 
promising step towards analysing the way in which phytochrome con- 
trols the response. 

Phytochrome-controlled chloroplast movement has recently been discovered also in 
epidermal cells of Vallisneria gigantea (Izutani et al. 1990). This calls for reinvestigating 
scattered earlier reports on marginal "chlorophyll effects" (e.g. Schweickerdt 1928; Seitz 
1967a). 



p) Multiple Photoreceptor Pigments 

The results as reported in the preceding section suggested that there are 
two photoreceptor pigments which control chloroplast movement alter- 
natively, depending on the species, viz. cryptochrome and phytochrome. 
However, in particular species, two or more photoreceptor pigments can 
effectively perceive the light signal and trigger the response independ- 
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ently of each other. Still more complicated, in some particular cases two 
photoreceptor pigments or their products have to interact in order to 
bring about the response. 

Two or More Photoreceptor Pigments, Acting Independently of Each 
Other, Phytochrome and Cryptochrome, Besides the phytochrome-typical 
main peak in red light, the action spectrum for the low-intensity move- 
ment in Mougeotia has also a smaller peak in the blue region (Haupt 
1959b). After some discussions as to whether or not this effect can be 
mediated by the short-wavelength absorption band of phytochrome 
(Weisenseel 1968; Haupt 1971; Hartmann and Cohnen Unser 1973), a 
separate blue-light receptor was convincingly demonstrated (Gabrys et 
al. 1984): on a background irradiation with strong far-red, the response 
can no longer be induced by red light, whereas the blue-light effect is not 
impaired. This blue-light effect shows a typical cryptochrome action 
spectrum (Walczak et al. 1984). 

Corresponding conclusions were derived for the protonema of Adiantum capillus veneris 
(Yatsuhashi 1996). The two-photoreceptor model in Adiantum is further supported by 
the situation in the protonema of Pteris vittata, which orients its chloroplasts exclusively 
to blue light, although it makes use of phytochrome for other responses. This may indi- 
cate differences in phytochrome species or in their localisation between the two ferns 
Adiantum and Pteris (Kadota et al. 1989). 

In conclusion, the peculiarity of the red-light-sensitive systems is not 
"phytochrome instead of cryptochrome" but "phytochrome in addition 
to cryptochrome". 

The evidence for two separate photoreceptor pigments may not exclude some relations 
between them. For Mougeotia^ a highly speculative interpretation had been proposed by 
Haupt (1971): could a protein exist with two chromophoric groups, viz. phytochromobi- 
lin and flavin? No idea was presented as to how to follow up this strange line, and no 
further discussion has taken place since. Surprisingly, however, this view appears to be 
reviving, as will be shown in Section 3.a.6. 

Cryptochrome and Photosynthetic Pigments, In Vallisneria spiralis, the 
induction or enhancement of rotational streaming has been used as a 
model for oriented chloroplast movement, as in this species both re- 
sponses share the same photoreceptor systems (Seitz 1967a). In the ac- 
tion spectrum, inhibition by iodide is restricted to the main peak, 
whereas other regions are hardly affected, as well as the marginal effect 
of red light (Seitz 1967b). Although the inhibition by iodide is not proof 
for a flavin photoreceptor (see above), the wavelength dependence of the 
inhibition indicates two different photoreceptor pigments in Vallisneria, 
and this is supported by additional wavelength-dependent observations. 
Because of its additional red-light sensitivity, the second pigment is as- 
sumed to be chlorophyll, and indeed, the inhibitor of photosynthesis. 
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DCMU (dichlorophenyl dimethylurea) inhibits the response as induced 
by the respective wavelengths. 

Depending on the intensity range, Hormidium flaccidum makes use of at least two photo- 
receptor pigments for its low-intensity response, viz. cryptochrome in the cytoplasm and 
photosynthetic pigments in the chloroplast. This has been concluded from different 
principles of perception of light direction (Sect. 3.a.y), from different dichroic orienta- 
tion, and from different sensitivity to iodide and to inhibitors of photosynthesis (Scholz 
1976b). 

Interaction of Photoreceptor Systems. In the blue-light-responding 
plants, low-intensity and high-intensity movement make use of the same 
photoreceptor pigment. A quite different situation is found in Mougeo- 
tiuy as had already been reported by Senn (1908): whereas for low- 
intensity movement red light is the most effective spectral range, the 
high-intensity movement is restricted to blue light. In the latter re- 
sponse, however, there is, in fact, a rather complicated interaction of 
photoreceptor-pigment systems, which will be discussed next. 

In a first step Schonbohm (1963) found what appeared to be a strong 
potentiation of the blue-light effect by red light via phytochrome, either 
given simultaneously, or in a series of alternating short pulses. In fact, 
however, phytochrome mediates the orienting light signal, whereas a 
blue-light photoreceptor acts as an intensity-dependent switch, which 
acts independently of light direction and determines that the chloroplast 
exposes its profile rather than its face to the red light (Schonbohm 1966). 
Accordingly, in monochromatic blue light the directional signal is me- 
diated via the blue-light absorption band of phytochrome and the switch 
effect again via the separate blue-light receptor (Schonbohm 1980). As to 
the latter, the action spectrum as well as the wavelength-dependent ac- 
tion dichroism recall cryptochrome and suggest a flavin-like substance 
in the cytoplasm (Schonbohm 1968, 1971). 



The high-intensity movement of Mesotaenium caldariorum depends as well on an inter- 
action of phytochrome and cryptochrome (Gartner 1970). The low-intensity movement, 
however, differs from that in Mougeotiay where a single red pulse can induce a full re- 
sponse. In Mesotaeniurriy instead, red light has to be given continuously or as repeated 
pulses, until the new orientation has been reached (Haupt and Thiele 1961). Obviously, 
in Mesotaeniurriy the gradient of the otherwise long-living Pfr loses its activity within 
minutes, and this has been interpreted by a poorly understood "aging of Pfr" (Haupt and 
Reif 1979) or by a rapid diffusion of Pfr in this rather small cell (Herrmann and Kraml 
1997). Interestingly, an almost ineffective single red pulse can be made fully effective if 
followed by a blue pulse, which by itself is completely ineffective (Kraml et al. 1988). In 
addition, this latter also accelerates the movement during its irradiation time. As in the 
blue-red interaction of Mougeotiuy the direction of the blue pulse has no bearing on the 
response. 

It is tempting to recall the dual-chromophore hypothesis (Haupt 1971; 
see above) for the interactions in Mougeotia and Mesotaenium. How- 
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ever, these interactions do not involve any coupling at the level of photo- 
receptor pigments. Rather, at least one of the respective interacting fac- 
tors is an early product of photoperception, as will be shown in Section 

3.C. 



y) Perception of Light Direction 

Given the fact that usually the light signal is perceived in the cytoplasm, 
perception of light direction requires a cytoplasmic gradient of light 
absorption. According to Senn (1908), this gradient is brought about 
mainly by light refracction, sometimes modified by reflection (Sect. 2). 
The questions remained whether this theoretical conclusion can be con- 
firmed experimentally, and whether light refraction (and reflection) is 
sufficient to explain perception of light direction. An additional question 
concerns the absorption gradient in continuous saturating light, i.e. un- 
der natural conditions. 

Refraction, The role of refraction was confirmed by Scholz (1976a) for 
Hormidium flaccidum, using the inversion experiment of Buder (1918). 
If surrounded by air, the cylindrical cell of this alga acts as a collecting 
lens, the single large chloroplast slides along the wall to the "focus re- 
gion", i.e. distal with respect to the light source. If, however, the cell is 
surrounded by oils, the chloroplast prefers the proximal side, and the 
percentage of this preference is a linear function of the refractive index 
of the oils. Accordingly, in water with its refraction index close to that of 
cytoplasm, there is little preference for either side. 

However, in intensity ranges where the "second photoreceptor" (Sect. 3.a.p) controls the 
response, the chloroplast always goes to the proximal side, irrespective of the refraction 
index of the surrounding medium. This latter is to be expected if the photoreceptor pig- 
ment is located in the chloroplast, with the absorption gradient resulting from attenua- 
tion in the photosynthetic pigments. This assumption is consistent with arguments pre- 
sented in Section 3.a.p. 

For cells in water, i.e., under conditions of only small refraction effects, 
it can be predicted that not only the focusing effect becomes ineffective, 
but that also the bypassing effect cannot be a good basis for reliable per- 
ception of light direction (cf. already Senn 1908). Accordingly, an addi- 
tional principle for generating an absorption gradient has to be expected 
at least for cells in water. 

Dichroic Orientation. Jaffe (1958) had pointed out the role of dichroic 
orientation of photoreceptor molecules for gradients of light absorption 
in polarised light. After the discovery of dichroic orientation of phyto- 
chrome molecules in Mougeotia (Haupt 1960; Sect. 3.a.a), it was dem- 
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onstrated that also in unpolarised light such orientation leads to a gradi- 
ent of light absorption, which is related to the light direction (Haupt 
1965; cf. also Kraml 1994). With surface-parallel orientation of the 
transition moments (e.g. Pr in Mougeotia), the resulting tetrapolar ab- 
sorption gradient is similar to that due to the bypassing effect, and as 
with the latter, no discrimination is made between light beams coming 
from two opposite sides. Accordingly, both mechanisms can coact and 
support each other, as has been shown in a computation for a model cell 
by Gabrys-Mizera (1976). The dichroic effect is thought to be the main 
mechanism for cells in water to detect the light direction, as it does not 
depend on the refractive index of the cell environment (cf. Zurzycki and 
Lefetko 1969). 

As a general conclusion, dichroic orientation of photoreceptor mole- 
cules is an important factor for perception of light direction, and this, in 
turn, requires an underlying cytoplasmic structure, which in Mougeotia 
was supported experimentally by Haupt and Wirth (1967). Originally, 
for these structures the cell membrane was assumed to be a good candi- 
date; but today the cytoskeleton is preferred as more appropriate for 
anchoring the photoreceptor pigment (cf. Sect. 3.a.6). 

Saturation, Whatever the gradient results from, there is the problem of 
how the absorption gradient is maintained in saturating light. This 
problem is particularly serious in Mougeotia. Photoconversion of phyto- 
chrome (Pr Pfr) saturates in a wavelength-dependent steady state, 
which can be obtained by light pulses of only seconds (Haupt 1959b; 
Kraml and Schafer 1983) and which therefore will be reached very soon 
even in the less-absorbing spectral regions. Moreover, the life time of Pfr 
is much longer than the whole response of the chloroplast (e.g. Wagner 
and Klein 1981; Kraml et al. 1987), and thus there appears to be no 
chance for a persistent gradient that can control the response. Yet, in 
nature, chloroplasts respond to continuous saturating light. The solution 
to this paradox has been found in the different orientation of Pr and Pfr 
(see above. Sect. 3.a.a), with the former parallel, the latter normal to the 
cell surface. As a result, the photoequilibrium between Pr and Pfr be- 
comes dependent on the pigment’s differential dichroic orientation and 
hence is different at the flanks as compared to the proximal and distal 
surfaces; the gradient can never be levelled, either in polarised, or in 
unpolarised light (e.g., Haupt 1970b). 

Although this conclusion is theoretically convincing and fits all observations, it has not 
yet been possible to make differential measurements of Pfr in different regions of a single 
cell. 
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5) Genetic Approach to the Photoreceptor Problem 



In recent years, genetic approaches such as, e.g. the use of mutants and transgenic plants, 
cloning, sequencing and in-vitro expression of genes, have opened new insights into 
photoreceptor research in general and also into the field of chloroplast movement. 

Phytochrome, In higher plants, a diversity of phytochromes exists, and 
even in a single species multiple phytochromes have been found. In 
Arabidopsis thaliana^ for example, at least five phytochromes can be 
distinguished, which probably differ in their functions, mediating differ- 
ent photomorphogenetic responses (cf. Whitelam and Devlin 1997). This 
raises the question as to the number of phytochromes in those plants 
that make use of red light for their chloroplast orientation. 

In Mougeotia, only one phytochrome gene has been found so far. The 
amino-acid sequence reveals no hydrophobic domain in the apoprotein 
that could make it a transmembrane protein (Winands et al. 1992). This 
excludes a primary action of Pfr in Mougeotia as a membrane effector 
(e.g. as a calcium channel), as had occasionally been suggested in the 
past (e.g. Haupt and Weisenseel 1976, based on Hendricks and Borth- 
wick 1967). On the other hand, Winands and Wagner (1996) found se- 
quences that correspond to microtubule-binding sites; this is important 
in view of the localisation (membrane vs. cytoskeleton; Sect. 3.a.y). 
Moreover, the phytochrome gene in Mougeotia is autoregulated by light, 
with its expression substantially slowed down by Pfr, the active form of 
phytochrome. 

In Mesotaenium, lack of hydrophobic transmembrane-binding do- 
mains had been reported alreay by Kidd and Lagarias (1990), and gene 
expression is autoregulated by light as in Mougeotia (Lagarias et al. 
1995). The six phytochrome genes discovered so far are so closely re- 
lated to each other that virtually one functional phytochrome species 
can be assumed, as in Mougeotia (Wu and Lagarias 1997). 

In fern protonemata, more than one phytochrome species has been 
found. After conclusions from partial sequences in Anemia phyllitidis 
(Maucher et al. 1992), three ph^ochrome genes in Adiantum were se- 
quenced to full length (Wada et al. 1997). According to experiments with 
mutants (Kadota, cited in Wada et al. 1997), chloroplast orientation is 
coupled with photo/polarotropism, whereas spore germination is medi- 
ated by a different phytochrome. As the latter response lacks the action 
dichroism, a different compartmentation can be assumed. These multi- 
ple phytochromes are particularly interesting in comparison with Pteris, 
where chloroplast orientation is restricted to blue light (see Sect. 3.a.p). 

It may be added that in a phylogenetic tree the phytochromes of Mougeotia, Meso- 
taenium and Adiantum are more closely related to each other than to either of the phyto- 
chromes of higher plants (Winands and Wagner 1996). 
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Cryptochrome. True progress in identifying cryptochromes did not start 
before genetic approaches were applied, most successfully again in 
Arabidopsis. Two cryptochrome genes were demonstrated there which 
code for two distinctly different pigments (Ahmed and Cashmore 1993). 

The proteins are related to the photolyases; one of them has two chromophoric groups, 
viz. a flavin and probably a deazaflavin or a pterin (Cashmore 1997). Thus, the old con- 
troversy flavin vs. pterin as the chromophore of cryptochrome appears in a new light. 
Briggs and Liscum (1997) extended their respective investigations to the phototropism 
problem. 

These studies in Arabidopsis are a promising basis for cryptochrome 
research in chloroplast movement. In Mougeotia, a sample from a cDNA 
library shows homologies with a fragment of a cryptochrome gene in 
Arabidopsis (Brunner and Wagner 1996). Thus, in the near future, cryp- 
tochrome gene(s) of Mougeotia may become isolated and expressed; but 
as cryptochrome lacks the handle of photochromicity, it is a difficult 
task to prove the photoreceptor function of a particular cryptochrome as 
long as no mutants are available. 

In Adianturriy five different cryptochromes were reported (Wada et al. 
1996). As now mutants can be made available in ferns (Wada et al. 1997), 
it should become possible to assign chloroplast movement to one of the 
cryptochromes. 

Most interestingly, using genetic approaches in cooperation with Wada, W. R. Briggs 
(pers. comm.) found evidence for a hybrid photoreceptor protein in Adianturriy a 
"superchrome". This "anomalous phytochrome" shows high phytochrome homology 
through about 560 amino acids; but on the other hand, it reveals a high homology also 
with a newly analysed kinase, including a repeated domain that is supposed to be a fla- 
vin-binding site. After arguments have been presented for proteins with two different 
blue- light-absorbing chromophores (see above), it is no longer "nonsense" to suggest also 
a hybrid photoreceptor that simultaneously functions as phytochrome and as crypto- 
chrome, as had been speculated by Haupt (1971; cf. Sect. 3.a.p). 



b) Response: Mechanics of Movement 

The early question ’’active or passive” (Sect. 2) was probably too simple, 
imprecise, and not completely logical. In fact, there are several aspects to 
be separated from each other. ’’Active or passive” concerns already the 
very first step, i.e. perception of the light signal. As was shown above 
(Sect. 3.1. a), this perception is usually located in the cytoplasm, hence to 
be considered ’’passive” in terms of the early investigators. For the re- 
sponse, there are two aspects, which overlap partially. 

- The more descriptive question (a): do the chloroplasts migrate rela- 
tive to a stationary endoplasm, or are they transported by moving 
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portions of endoplasm? The terms independent or dependent may be 
more adequate for this alternative. 

- The more analytical question (p): where is the motor apparatus local- 
ised, what is its nature, and what kind of force is generated? 



a) Dependent or Independent Movement? 

As a model system, Jarosch (1956) isolated qrtoplasmic drops from characean algae. 
Whereas in intact cells chloroplasts are firmly anchored in the ectoplasm and hence do 
not participate in the rotational streaming of the cytoplasm, they move and rotate in the 
drops, and the opposite displacement of neighbouring particles (microsomes) shows 
clearly that these chloroplasts move relative to the surrounding cytoplasm. Thus, in 
principle, chloroplasts can move independently (actively in the former terminology). 
However, this cannot be extrapolated uncritically. 

For the high-intensity movement in Lemna, Zurzycka and Zurzycki 
(1957) could show, with cinematographic methods, that groups of chlo- 
roplasts always move together for a while; they obviously depend on the 
motion of surrounding cytoplasm (passive). In these examples, the chlo- 
roplasts moved more slowly than "microsomes", as their frictional resis- 
tance in the thin cytoplasmic layer is larger than that of smaller particles. 
On the other hand, individual chloroplasts frequently escape from their 
"environment" and join a neighbouring group; this particular movement 
might be independent of the surrounding endoplasm. 

As a third example, two responses of Vaucheria sessilis will be dis- 
cussed. In the cylindrical coenocytic "cell", cytoplasm streams forth and 
back along longitudinal tracks, together with its organelles, including 
chloroplasts. If a small region is irradiated with a microbeam of blue 
light, this acts as a "light trap": streaming stops here, but outside this 
region it continues and brings further masses of cytoplasm into the field. 
As a result, many chloroplasts that enter the field by chance are 
"trapped" (Fischer-Arnold 1963). Thus, this kind of orientation pattern 
is fully dependent on cytoplasmic streaming. 

The normal orientation movement in Vaucheria, however, proceeds 
in azimuthal rather than in longitudinal direction, and no respective 
cytoplasmic streaming has been reported yet. It can be expected, there- 
fore, that in Vaucheria dependent as well as independent chloroplast 
rearrangements are possible, and this has been analysed in some detail 
in the protonema of Adiantum capillus-veneris, which exhibits responses 
similar to Vaucheria (Kadota and Wada 1992a). 



In this protonema, an obvious difference has been found between chloroplasts participat- 
ing in the longitudinal cytoplasmic streaming and those orienting in azimuthal direc- 
tion. In the latter case, no particles or organelles are seen to move with the chloroplasts. 
Moreover, in their azimuthal orientation movement, chloroplasts migrate in a relatively 
straightforward way, although more slowly than the longitudinally streaming cytoplasm; 
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this excludes a trial-and-error mechanism of orientation and is in favour of an independ- 
ent movement of the chloroplasts. 

Thus, dependent and independent movement appear to contribute to 
the rearrangement of chloroplasts in the cell to various degrees, and this 
has to be considered when asking about the motor apparatus. 



P ) The Motor Apparatus 

Zurzycki (1962a) critically summarised six hypotheses as to the mechanics of chloroplast 
movement, which had been put forward during the first half of our century. Most of 
them suffered from lack of sound knowledge about respective cell ultrastructures. Only 
the old view of fibrous structures has survived as a basis for modern approach. 

Cinematographic analysis allowed the movement of each chloroplast to 
be followed in detail (Zurzycka and Zurzycki 1957). In some cases (e.g. 
Elodea and Lemna) the chloroplasts approached their high-intensity 
arrangement only by biasing their random movement. Remarkably, 
however, the return movement to the low-intensity arrangement pro- 
ceeded in rather direct ways, as if an elastic force brought the chloro- 
plasts back. This initiated experiments in MougeotiUy in which by proper 
irradiation protocols the ribbon-shaped chloroplast was caused to rotate 
up to five full revolutions; but afterwards there was neither a relaxing 
"backward" movement, nor a preference in direction for a further orien- 
tation movement (Haupt and Heymann 1967). Thus, no elastic force can 
be found in MougeotiUy and no additional evidence in favor of it has 
been presented in Lemna, 

As a structural appraoch, Jarosch (1958) observed, in his isolated 
drops of cytoplasm from Chara (Sect. 3.b.a), fibrous structures that 
were attached to the moving chloroplasts. Besides, also isolated fibres 
were found, along which "microsomes" were displaced in a direction 
opposite to the fibre’s movement. Admittedly, this concerns a system in 
which normally chloroplasts do not migrate. However, observations of 
Schonbohm (1970) with interference contrast in intact cells of Mougeo- 
tia and Funaria appear well related to orientation movement. In 
Mougeotia, these fibres extend during movement from the edge of the 
large chloroplast into the cytoplasm, particularly in the advancing di- 
rection of the chloroplast. This suggests that they would pull the latter 
(cf. also Schonbohm 1972, 1974). With the electron microscope, respec- 
tive structures have been demonstrated in more detail in the cytoplasm 
close to the chloroplast's edge (Wagner and Klein 1978). 

As to the nature of these fibrous structures, actin microfilaments ap- 
peared to be a promising candidate, after actin-myosin interaction had 
been established as underlying cytoplasmic streaming in characean algae 
(cf. Kamiya 1959). Indeed, the rather specific inhibitor of actin activity. 
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q^ochalasin B, was found to block the movements in Mougeotia 
(Wagner et al. 1972; Schonbohm 1973a), Funaria (Schonbohm 1973a), 
Vaucheria (Blatt and Briggs 1980) and Adiantum (Kadota and Wada 
1992a). In MougeotiUy reversibility of this inhibition was demonstrated; 
the "memory" to the inducing light signal was stored in the gradient of 
active phytochrome, Pfr, and hence response could still take place after 
the inhibitor was washed out (Wagner et al. 1972). In addition, with the 
arrowhead decoration by heavy meromyosin or SI fragments of myosin, 
actin microfilaments could be demonstrated directly in cell homogen- 
ates and in protoplasts of Mougeotia (Marchant 1976; Klein et al. 1980) 
as well as in intact cells of Vaucheria (Blatt et al. 1980) and Adiantum 
(Kadota and Wada 1989). Finally, the "pulling fibres" of Schonbohm, 
mentioned above, were characterised as actin by fluorescein-conjugated 
phalloidin (Mineyuki et al. 1995). Thus, actin as underlying the mecha- 
nism of chloroplast movement is now a widely accepted hypothesis, but, 
in detail, questions remain open. 

The role of myosin in chloroplast movement is not as strongly established. Since sulph- 
hydryl groups are involved in the ATPase function of myosin, SH-group inhibitors have 
been tested and found to impair chloroplast orientation in Mougeotia (Schonbohm 
1969), Funaria (Schonbohm 1972) and Vallisneria (Seitz 1970). This rather unspecific 
effect has been confirmed, e.g. in Mougeotia and Adiantuniy with the more specific my- 
osin inhibitor N-ethyl maleimide (cf. Wagner et al. 1978; Kadota and Wada 1992b). Al- 
though even this latter substance is not strictly specific (Wada et al. 1993), the hypothesis 
of actin-myosin interaction appears reasonable. 

In consequence, the next question asked how actin-myosin interaction 
can bring about chloroplast displacement. For cytoplasmic streaming in 
Nitella, it was already known that actin is anchored to the stationary 
ectoplasm and/or to the stationary chloroplasts in it, and that myosin 
ATPase resides in the moving endoplasm, probably bound to small or- 
ganelles or particles (summarised, e.g. by Seitz 1979). Sliding of actin 
and myosin along each other generates the shearing force. Whether the 
resulting movement is cytoplasmic streaming without or with chloro- 
plasts or movement of chloroplasts only, depends on the localisation of 
chloroplasts in ecto or endoplasm and on the localisation of actin and 
myosin at respective structures or organelles (cf. Seitz 1979). 

On this basis, the "light-trap" effect in Vaucheria sessillis (Sect. 3.b.a) 
is explained. In darkness, cable-like structures can be visualised, obvi- 
ously anchored in the ectoplasm and oriented in the direction of cyto- 
plasmic streaming. These fibres appear to be identical with bundles of 
actin, demonstrated by Blatt and Briggs (1980). The actin filaments are 
supposed to interact with myosin at the surface of organelles, thus gen- 
erating the shearing force for cytoplasmic streaming. Upon local blue- 
light irradiation, the fibres disintegrate into a faint network (reticula- 
tion), which obviously is no longer capable of sustaining a uniform mass 
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Streaming. After light-off, soon the "cables" reappear, and streaming of 
endoplasm and chloroplasts is resumed. With cytochalasin B, the reticu- 
lation is obtained also in the dark regions, and all movement stops; but 
the antagonist of this inhibitor, phalloidin, keeps the fibres intact and 
inhibits reticulation even in light, thus not allowing cytoplasm and chlo- 
roplasts to stop in the light field. 

In addition to a structure that transforms the motive force into move- 
ment, it is important that the motive force overcomes a certain resis- 
tance, which may be due to anchoring of the chloroplasts to the station- 
ary phase of cytoplasm (ectoplasm). This anchoring can be controlled by 
light, as shown for Lemna trisulca (Zurzycki 1960) and Vallisneria gi- 
gantea (S. Takagi, pers. comm.), where chloroplasts can be centrifuged 
much more easily during their orientation movement than in their sta- 
tionary arrangement before or thereafter. In contrast, however, in 
Mougeotia the chloroplast is anchored to the ectoplasm more strongly 
during its movement. This is a typical far-red reversible phytochrome 
effect with short-term kinetics similar to that of the low-intensity 
movement (Schonbohm 1970, 1973b); it is abolished by cytochalasin B 
and hence due to actin (Schonbohm and Meyer-Wegener 1989). Thus, 
the light effect and the function of anchoring in movement cannot be 
described in a unifying hypothesis, and this justifies an additional or 
alternative approach. 

If actin-myosin interaction were the primary basis of movement in 
MougeotiUy the microfilaments would have to be oriented parallel to the 
surface and in the hoop direction (i.e. azimuthal). Although this appears 
to hold for the early findings of Schonbohm (1974) and again for the 
observations of Mineyuki et al. (1995), both reported above, the ultra- 
structural investigations of Wagner and Klein (1978) revealed evidence 
for a radial component in their microorientation. Moreover, Grolig and 
Wagner (1988) pointed out that the speed of movement is 2 to 3 orders 
of magnitude slower than in examples of cytoplasmic streaming, where 
actin and myosin slide along each other. The authors therefore propose 
another mechanism in Mougeotia, According to this, microfilaments 
connecting the chloroplast with the ectoplasm are in a steady state of 
fastening and loosening at their ectoplasmic anchoring sites. If the 
abundance of the latter is locally reduced by Pfr, as supposed by Wagner 
and Klein (1981), the steady state would be asymmetrically biased, and 
eventually this would have the same result as the shearing force. How- 
ever, it is an open question how this view can be compatible with the 
above-mentioned fastening by Pfr. This controversy calls for compara- 
tive experiments under strictly identical conditions with identical strains 
oi Mougeotia, 

At this stage, it might be helpful to consider the function of microtubules, which are 
abundant in Mougeotia (Foos 1970). Their depolymerisation by, e.g., colchicine, does not 
impair the movements in Mougeotia (Foos 1971; Schonbohm 1973a) and Adiantum 
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(Kadota and Wada 1992a). Rather, these inhibitors can even accelerate the movement in 
MougeotiUy suggesting that microtubules act to strengthen the resistance against move- 
ment (Serlin and Ferrell 1989). Accordingly, inactivation of microtubules by strong blue 
light appears to be causally related to the speeding up of the high- intensity movement as 
compared to the low-intensity movement (Al-Rawass et al. 1997). Besides this indirect 
function in movement, there might be some exceptional cases where microtubules serve 
the function of the motor apparatus, as reported for the coenocytic alga Dichotomosi- 
phon (Maekawa et al. 1986). 

As a general conclusion, there are several prospective points of attack 
for controlling signals, and this has to be kept in mind when trying to 
disentangle the transduction chain (Sect. 3.c). 



c) Signal Transduction 

Perception of the light signal and activity of the motor apparatus are 
linked together by a sequence of events. Although in no case has such a 
transduction chain been completely analysed, there are a few examples 
where early steps after signal perception are known or have been postu- 
lated theoretically from respective experiments (forward approach into 
the black box. Sect. 3.c.a and (3). On the other hand, in some examples, 
factors have been found that can control the motor apparatus and thus 
could be candidates for the terminal steps in the transduction chain 
(backward approach. Sect. 3.c.y). Only preliminary speculations are 
available about an integrated model or about steps in the centre of the 
black box (Sect. 3.C.6). 



a) Forward Approach: Early Reactions After Photoperception 

There are reactions to the respective light signals that share dependence 
on fluence (rate) and wavelength with the chloroplast rearrangement. 
Two of them are likely to be related to the latter. 

Vaucheria sessilis. Upon local irradiation with blue light, an outward 
current starts within 5 s at that site (Blatt et al. 1981). This is almost cer- 
tainly due to a proton extrusion, but, in addition, a controlling function 
of calcium appears to be involved. The dependence on fluence and wave- 
length coincides with that for the reticulation of actin bundles (see 
above Sect. 3.b.p) and subsequent chloroplast aggregation, respectively, 
and the current clearly precedes the latter. It might be speculated that 
protons and/or calcium are controlling factors in the transduction chain, 
acting on the integration/disintegration of the actin bundles, thus affect- 
ing the motive force. However, the temporal relation between current 
and reticulation has not yet been established. 
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Mougeotia, Facilitated calcium fluxes have been found as a far-red re- 
versible effect of red light, thus mediated by phytochrome. This suggests 
a close relation to the Pfr- controlled chloroplast movement. The obser- 
vations, however, do not yet allow a unifying model of Pfr action. On the 
one hand, Dreyer and Weisenseel (1979) found a strongly enhanced up- 
take of radioactive calcium. On the other hand, Roux (1984) reported a 
release from the cell. Finally, Jacobshagen et al. (1986) demonstrated 
intracellular release of calcium from osmiophilic organelles close to the 
chloroplast’s edge, resulting in increase of cytoplasmic calcium. The 
calcium effects appear to precede the terminal response, as postulated 
for a step in the transduction chain. Additional arguments (pro and con) 
on calcium as an internal signal will be discussed in the backward ap- 
proach (Sect. 3.c.y). 

In both these cases, it cannot be decided yet whether the early reactions are indeed steps 
in the transduction chain, or side effects only. For the examples presented next, there is 
little doubt that the theoretically concluded internal signals are steps in the transduction 
chain; however, their nature is completely unknown. 



P) Forward Approach: Analysis of Aftereffects 

Although most of the blue-light-dependent systems require the control- 
ling light to be present during almost the whole response time, afteref- 
fects of light pulses in subsequent darkness have occassionally been 
reported (e.g. Seitz 1967a). With sensitive photometric registrations, 
aftereffects have been observed in Lemna even after pulses in the range 
of seconds (Zurzycki et al. 1983). Their kinetics allowed early internal 
signals (S) resulting from photoperception to be postulated, which can 
sustain the response during their lifetime of a few minutes (Fig. 2A). For 
a complete response, requiring up to 1 h, continuous or repeated pro- 
duction of S is necessary. 

In low-intensity movement of Mesotaenium, a single red pulse be- 
comes effective only if followed by blue (cf. Sect. 3.a.y). From time- 
resolved irradiation protocols, a sequence of two internal signals, SI and 
S2, has been hypothesised (Fig. 2B; Kraml et al. 1988; Herrmann and 
Kraml 1997). It should be stressed that the directionality of S2 is exclu- 
sively determined by SI and hence by the red-light pulse, whereas blue 
light acts in a scalar way. The model (Fig. 2B) does not yet include the 
full response in continuous red light without blue. 

The most complicated situation has been reported for Mougeotia, In 
contrast to the above-mentioned systems, in Mougeotia the responses 
can proceed to the final stage in darkness after a short light pulse 
(Moore 1888; Lewis 1898). For the red-light- induced low-intensity re- 
sponse, pulses even shorter than milliseconds are effective (e.g.. 
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Fig. 2A-C. Early steps in the transduction chain. CRY Cryptochrome (CRY*^ = excited 
state); Pr, Pfr phytochrome in the red-absorbing and far-red-absorbing form; S, SI and S2 
hypothetical internal signals as postulated from the kinetics of aftereffects, with the 
subscripts L, m and M for Lemna (A), Mesotaenium, (B) and Mougeotia (C), respectively. 
HIR and LIR high-intensity and low-intensity movement; single-line arrows transforma- 
tion of respective substances; double-lined arrows control of transformations or of reac- 
tions; italics substance or signal acts in a vectorial way (i.e. dependent on the light direc- 
tion); otherwise scalar. Horizontal lines separate perception, transduction, and response 
from each other. (After data and conclusions of Zurzycki et al. 1983; Herrmann and 
Kraml 1997; Gabrys et al. 1985) 



Scheuerlein and Braslavsky 1987). In contrast, for the blue-light- induced 
high-intensity movement, full response to a light pulse has been found 
only under particular conditions, and it requires a pulse in the range of 
minutes (Schonbohm 1965, 1987). This latter does not allow early short- 
term transduction steps to be reliably separated from perception. How- 
ever, transient responses can be photometrically recorded after a single 
sequence of a blue and a red pulse in the range of seconds. Here, too, the 
kinetics allow for concluding on a sequence of early events with at least 
one scalar and one vectorial internal signal (Fig. 2C; Gabrys et al. 1985). 

In the model, the internal signal S2 tries to act in opposite direction to Pfr, i.e. directing 
the chloroplast to the profile position. In this competition, usually the effect of Pfr pre- 
vails; only if Pfr is abolished by far-red within 40 min after the formation of S2, the latter 
can diret the chloroplast to the high-intensity position. 
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For future research, it is a challenge to identify the internal signals S, SI, 
S2 and to compare them in the various systems. Particularly interesting 
is the similar lifetime of S in Lemna and SI in the two algae, although it 
is scalar in Mougeotia, but otherwise vectorial. 



Y) Backward Approach 

If we take it for granted that the motive force is mainly based on actin 
microfilaments, whatever the detailed mechanism (Sect. 3.b.p), the final 
step of transduction has to be the control of actin activity in a broad 
sense - or more precisely: a differential control of it in space. Theoreti- 
cally, such a control can concern several levels: polymerisation of G- 
actin to F-actin and vice versa; integration of microfilaments into 
"active” bundles and disintegration (reticulation); anchoring of actin to 
and loosening from respective sites or activation/inactivation of these 
anchoring sites; activation/inactivation of myosin; actin-myosin inter- 
action. 

One promising candidate for the control of most of these steps is cal- 
cium, particularly as calmodulin and other calcium- regulated proteins 
have been found in Mougeotia (cf. Wagner et al. 1984; Roberts 1989). 
Indeed, several observations suggest a role of calcium and calmodulin in 
control of movement in Mougeotia, although in detail there is much 
diversity, as also mentioned in the forward approach (Sect. 3.c.a). On 
the one hand, deprivation of calcium from the culture medium and in 
consequence also from the cells has strongly reduced phytochrome- 
mediated low-intensity response in Mougeotia (Wagner and Klein 1978). 
Moreover, under highly specific conditions, Serlin and Roux (1984) 
could elicit chloroplast rotation in Mougeotia by local application of a 
calcium ionophore in a calcium-containing medium. On the other hand, 
no adverse effect on low-intensity movement could be found by Schon- 
bohm et al. (1990), if calcium was withdrawn from the medium or if cal- 
cium uptake was blocked by various inhibitors. In contrast, the high- 
intensity movement appears to depend strongly on calcium influx (E. 
Schonbohm, pers. comm.). In an advanced view, these discrepancies 
need not exclude a controlling role of calcium in general terms, if its 
release from internal stores is additionally taken into account as an im- 
portant factor (Russ et al. 1991, confirming earlier assumptions of Wag- 
ner and Klein 1981; cf. also Sect. 3.c.a). 

Similar conclusions have been derived for the role of calcium in Lemna (TIatka and 
Gabrys 1993). However, to make the situation still more complicated, Schonbohm et al. 
(1990) found strong inhibition of photosynthesis by calcium deficiency. Thus, depend- 
ence of movement on calcium could be an unspecific effect on the energy-providing 
system. 
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5) Hypothetical Transduction Chains 

Since calcium has been found as well in the forward as in the backward 
approach, it was tempting to propose, for Mougeotia a working hy- 
pothesis based on calcium (Haupt 1980), in spite of the above- 
mentioned uncertainties. Its main steps were: 

Pfr gradient — > local change of calcium fluxes — > calcium redistribu- 
tion — > local calcium-calmodulin interaction — > local control of actin 
and/or myosin activity — > movement. 

Unfortunately, this model has subsequently been included in several 
publications, although already in 1981 various shortcomings and new 
results led Wagner and Klein to a more complex, two-branched model 
(Fig. 3). According to this, Pfr acts in a twofold way, viz. scalar via cal- 
cium, thus enabling the motor apparatus to become effective at all 
(kinetic branch), and vectorial via an unknown messenger, controlling 
the motor apparatus locally so as to produce an oriented response 
(orienting branch), e.g. via controlling the anchoring sites for actin (cf. 
Sect. 3.b.p). In this model, the most interesting question is still open: 
what are the transduction steps in the vectorial branch that link the ori- 
ented signal perception with the local effects on the motor apparatus? 

Similarly, two separate phytochrome effects have recently been proposed by Yatsuhashi 
and Kobayashi (1993) for Dryopteris sparsa. Here, too, two transduction chains are 
thought to coact or interact as to control movement and orientation of the chloroplasts 
in the protonema; but in detail, the respective internal signals are still unknown. 

Considering the partly contradicting statements about calcium (Sect. 3.c.a and y), it 
may be useful to pay attention also to the "phenolic compounds" in Mougeotia. Their 
release from and uptake into cytoplasmic vesicles can be under the control of light and 
calcium, and they can strongly affect chloroplast movement (Schonbohm and Schon- 
bohm 1984). Thus, for the two-branched model a dual function of calcium might be 
considered. 

An additional modification of the model might involve the microtubules 
(cf. Sect. 3.b.p). As their activity can be regulated by calcium as well as 
by light, the resulting change in resistance against actin-based move- 
ment could be an important checkpoint in signal transduction, and this 
might even represent the ’’kinetic branch” in Fig. 3 (cf. Wagner et al. 
1992). Interestingly, the genetic approach has recently revealed a do- 
main in Mougeotia phytochrome that may have microtubule-binding 
properties (Winands and Wagner 1996; Sect. 3.a.6). Moreover, as micro- 
tubules can be controlled also by magnesium, this until now neglected 
ion should be included in future research (cf. Tlaka and Gabrys 1993). 

Besides the two-branched model in Mougeotia with its possible modifications, there are 
approaches in blue-light-absorbing systems, which, however, have not yet evolved to 
complete models. According to Seitz (1972; summarised 1979), ATP may be a controlling 
factor in Vallisneria spiralis. In a gradient of light absorption, local ATP concentrations 
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can be modified via photosynthesis and photorespiration, depending on fluence rate and 
spectral range. This is thought to result in differential energising of the motor apparatus 
and/or differential fastening of actin microfilaments to the ectoplasm, and the chloro- 
plasts orient in response to this ATP gradient. However, full consistency with parameters 
of photoreception has not yet been reached. 

Another metabolic approach was proposed by Zurzycki (1972) in Lemna. Glycine 
oxidase can be activated by light absorption in its flavin component, and as a result the 
steady-state conditions in the glycine-glyoxylate cycle are changed. One of the products 
of this cycle might be a controlling factor. 

In none of the models discussed above could it be demonstrated that the 
gradient of the substance in question does not level faster than it takes to 
convey its information to the next step of the transduction chain. This, 
however, is an essential requirement for a realistic model. 



4 Concluding Remarks 

This chapter has reported on substantial progress in the physiology of 
chloroplast movement. Nevertheless, important questions are still un- 
solved. The whole sequence of events is far from being understood, al- 
though models have evolved which are continuously improving. One 
most important result is the doubt as to a simple and uniform signal- 
transduction chain, which might have to be replaced by a complex sig- 
nal-transducing network. 

Complexity is already found in the first step, the perception of the 
light signal. Two photoreceptor pigments can operate independently of 
each other, even in a single species, indicating two separate input sites. 
Thus, "either-or" has to be replaced by "as-well-as". Moreover, in some 
cases, coaction or interaction of two photoreceptors or of their products 
is important. Next, sensing of light direction is not restricted to one 
principle only. 

Similarly, the mechanism of movement may be rather complex, with 
actin-myosin interaction, anchoring of microfilaments, and activity of 
microtubules as basic factors, which makes it puzzling to find the crucial 
point of attack for controlling signals. 

First insight into the transduction processes suggests the coexistence 
of at least two little understood sequences of events that in some way 
have to converge to control the response. It might be that still more 
complexity will be found. 

Two more general views can be added: 

- It is unlikely that in each system the relative contribution of the vari- 
ous components is identical. Thus, even if in one system a substantial 
part of the whole physiology has been elucidated, this must not be 
generalised uncritically to other systems. 
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- The complex perception-response system of chloroplast orientation 
may become a model for other responses, e.g. phototropism or 
gravitropism, suggesting that here, too, a linear, uniform signal- 
transduction chain with only one input site and one output mecha- 
nism might be a too simple approach. Considering higher levels of 
complexity may facilitate, then, the access to open problems. 

A few particular problems in light- controlled chloroplast orientation are 

evident: 

1. A series of questions concern perception. In spite of the successful 
genetic approach, the cryptochrome problem is still widely unsolved. 
What is the particular cryptochrome? Do all "cryptochrome plants" 
use the same pigment? 

As to phytochrome as photoreceptor pigment: is its contribution 
to chloroplast movement indeed an exception of very few species, 
although nearly all others also contain phytochrome? May such dif- 
ferences be due to different intracellular location of phytochrome? 
What is the basis of occassionally observed fast loss of activity of the 
Pfr gradient, although Pfr is considered as a long-living and long- 
acting signal and although its association with the cytoskeleton ap- 
pears to exclude levelling of the gradient by diffusion? Might there be 
a steady-state exchange between differently compartmented phyto- 
chromes? 

What are the primary reactions initiated by the excited crypto- 
chrome or by the active phytochrome Pfr? What is the molecular ba- 
sis of interaction between the sequences started by cryptochrome and 
phytochrome in cases where such interaction is necessary or has 
specific effects? 

One fundamental question concerns the opposite direction of re- 
sponse in low- vs. high-intensity light, a similar problem as, e.g. in 
phototropism. A promising handle for a first approach might be the 
exceptional case where an additional light signal (independent of its 
direction) determines the sense of response with respect to the direc- 
tional signal. 

2. The transduction chain is still an almost "black" box - so black that 
good questions are not yet easy to ask. Assuming that the two- 
branched model in Mougeotia is a realistic approach, the question 
arises about transduction of the directionality of the light signal. 
Moreover, the possible role of calcium in this complex model is still 
open, and it can even be discussed whether calcium is only a permis- 
sive condition rather than a messenger as part of the transduction 
chain. 

Besides, the existence of multiple input sites (e.g. cryptochrome 
and phytochrome) calls for detecting the point of fusion in the trans- 
duction chain(s). On the other hand, multiple responses as output 
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(e.g. chloroplast orientation, phototropism, photomorphogenesis) 
indicate branching of the transduction chain. These questions appear 
to be a promising "classical" field for future genetic approach. 

3. For the response, the answer to the above-mentioned fundamental 
questions (p. 27) might depend not only on the species (e.g. Vauche- 
ria vs. Mougeotia)y but also on the particular response in question 
(e.g. low- vs. high-intensity response), and even the input site (see 
above) might be important. 

4. Finally, interesting questions concern the ecological views, which 
have not been treated in this review. Intuitively, orientation move- 
ment of chloroplasts is thought to optimise photosynthesis by regu- 
lating the light-harvesting area in the cell. There is, however, only 
little experimental evidence (e.g. Zurzycki 1955). In contrast, Nultsch 
could unambiguously show, in marine green and brown algae, that 
photosynthesis is not influenced directly by the arrangements of 
chloroplasts or phaeoplasts, respectively. Instead, the high-intensity 
arrangement appears to protect the photosynthesis apparatus against 
damaging irradiation and thus to have a long-term effect on photo- 
synthesis (Nultsch et al. 1981; Hanelt and Nultsch 1991). This raises 
two questions: can this result be generalised, even to higher plants? 
And what is the aim of the low-intensity movement, if photosynthesis 
proceeds as well in the high-intensity arrangement? This calls for in- 
cluding neighbouring fields of research. 

Thus, many questions are still open and are a challenge for future inves- 
tigations with both physiological and genetic approaches. Cooperation 
with other fields in photobiology (e.g. phototropism, photomorpho- 
genesis) will certainly continue to be of mutual benefit. 
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Recombination: 

Organelle DNA of Plants and Fungi: Inheritance 
and Recombination 

By Heike Rohr, Ursula Kiies, and Ulf Stahl 



1 Introduction 

Most of the genetic information in eukaryotic cells is stored by chromo- 
somal DNA in the nucleus. Yet a much smaller but nevertheless essential 
part of the genetic information is kept by some extrachromosomal DNA 
molecules situated in organelles present in the cytoplasm of the cell. Two 
main groups of DNA containing organelles are distinguished: Mitochon- 
dria are an almost universal feature of the eukaryotic cells while chloro- 
plasts are found in algae and plant cells capable of photosynthesis but 
not in the nonphototropic fungal and animal cells. Organelle DNA is 
able to undergo intra- and intergenomic recombination. Here we review 
the present knowledge on inheritance and recombination of organelle 
DNA in plants and fungi as well as transmission and recombination of 
organelle- associated plasmids. 



2 Organelle Inheritance 

MendeUs laws of inheritance apply to nuclear genes. They describe the 
segregation of pairs of alleles and the independent assortment of un- 
linked genes during gametogenesis. Moreover, Mendelian genetics im- 
plies two fundamental principles: first, segregation of alleles never takes 
places during mitotic cell divisions, and second, genes are generally in- 
herited biparentally. Strikingly, inheritance of mitochondrial and chlo- 
roplast genes does not obey these principles. Organelle inheritance is 
non-Mendeliany also referred to as extranuclear or cytoplasmic inheri- 
tance. The non-Mendelian character of organelle inheritance is mani- 
fested in (1) vegetative (mitotic) segregatioHy (2) uniparental inheritancey 
and (3) intracellular selection. Vegetative segregation, i.e., separation of 
alleles of organelle genes during mitosis as well as meiosis, has been 
observed in all organisms investigated. It is thought to be a consequence 
of random replication and partitioning of organelle DNA and organelles 
during the cell cycle. Uniparental inheritance describes the for many 
organisms typical observation that sexual progeny inherits organelle 
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genes solely or predominantly from one parent. The third element, in- 
tracellular selection, has classically not been considered as a principle of 
non-Mendelian genetics. However, increasing experimental evidence is 
available for intracellular selection in organelle inheritance. Depending 
on their genotypes, certain organelle chromosomes may replicate more 
or degrade less often than others, giving rise to inequalities inside a cell. 
Consequences of such an intracellular selection are the occasional loss of 
alleles and establishment of mutant alleles (further discussion in Birky 
1994 , 1995 ). 



a) Mode of Inheritance 



Cytoplasmic inheritance can principally follow three different modes, 
each referring to the origin of the organelles found within the sexual 
offspring: biparental, uniparental paternal, and uniparental maternal 
inheritance (Fig. 1). Current textbooks consider uniparental maternal 
inheritance as the rule of organelle inheritance. Biparental inheritance is 






Uniparental 

paternal 




Biparental 




Uniparental 

maternal 



Fig. 1. Modes of organelle inheritance. An example of anisogamy which is characterized 
by paternal and maternal mates distinguished in their cellular size (small circle and large 
oval). Anisogamy in the illustrated example is not perfect, excluding presence of organ- 
elles in the smaller paternal gamete. The origins of organelles are indicated by filled 
(paternal) and open spots (maternal) 
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considered as the exception and no indication of paternal inheritance is 
given (Alberts et al. 1994). This view comes mainly from the occurrence 
of maternal mitochondrial inheritance in animals, and from the histori- 
cal order in which taxa and types of organelles were studied. However, 
the vast, growing list regarding studies of organelle inheritance in fungi 
and plants brings about a novel, more subtle impression (Table 1): uni- 
parental paternal inheritance is not as uncommon as might be thought 
and can even predominate in certain groups of organisms and types of 
organelles. It has been observed in chloroplast inheritance in most gym- 
nosperms and in some angiosperms, but also in mitochondrial inheri- 
tance in fungi, algae, and angiosperms. Uniparental maternal inheri- 
tance appears to be the primary mode of mitochondrial and chloroplast 
transmission in angiosperms, but biparental inheritance has also been 
described a number of times. In sharp contrast to chloroplast inheri- 
tance, mitochondrial transmission in gymnosperms follows in most 
cases the pattern of uniparental maternal inheritance. Mitochondria in 
fungi are transmitted primarily uniparentally with a preference for ma- 
ternal inheritance in cases of anisogamy. Organelles from algae have a 
mixed preference for maternal or paternal uniparental inheritance. 



a) Biparental Inheritance 

Biparental inheritance of organelles is a mixed (Fig. 1) but in many cases 
not a fixed inheritance. Biparental zygotes that transfer both maternal 
and parental organelles to daughter cells will be observed next to a 
varying distribution of maternal and paternal zygotes that transfer only 
one type of organelles. Sometimes, biparental inheritance is biased more 
or less toward one or the other parent (Tilney-Bassett 1994). The most 
prominent organisms for extended biparental inheritance among the 
fungi are the isogamous yeasts Sacchharomyces cerevisiae and Schizosac- 
charomyces pombe (Table 1). Of these, S. cerevisiae has been most thour- 
oughly studied (Birky 1994, 1995). Genetic analysis indicates that mito- 
chondrial transmission is not random and depends in part on the zygote 
bud position. Mixing of mtDNA in the zygote is not extensive and the 
zone of mixing is limited mainly to that portion of the cell which gives 
rise to medial buds. These buds normally receive heteroplasmic mtDNA 
populations (Zinn et al. 1987; Fig. 2). In contrast, end-buds contain 
mtDNA predominantly from the parent which formed that half of the 
zygote from which the bud arose (Azpiroz and Butow 1993; Fig. 2). Re- 
cent cytological observations provide a remarkable explanation for these 
patterns: parental mitochondria fuse during mating and form one con- 
tinuous dynamic network in which mitochondrial proteins rapidly redis- 
tribute and colocalize throughout the whole zygote. In marked contrast, 
mtDNA remains in position, suggesting the presence of anchoring 
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Podosporaanserina {dung fungus) M Belcour and Begel (1977) 

Saccharomyces cerevisiae (bakers' yeast) B Thomas and Wilkie (1968) 

Schizosaccharomyces pombe (fission yeast) B Thrailkill et al. (1980) 
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Aegilops M Breiman (1987) 




A//ium hydris (onion) M M Havey(1995) 

Chlorophytum comosum (green lily) M Hagemann and Schroder (1989) 

Festuca pratensis-Lolium perenne hybrids M, P M, P Kiang et al. (1994) 

Iris hybrids (Louisiana irises) M, B, P Cruzan et al. (1993) 

Hordeum vulgar e (barley) M M Soliman et al. (1987); Hageman and 
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mechanisms within the organelle that ensure an ordered nonrandom 
segregation of mtDNA into emerging buds (Nunnari et al. 1997). Al- 
though part of the buds emerging from a zygote receive mtDNA from 
both parents, heteroplasmic mtDNA populations sort out very rapidly 
during vegetative mitotic growth in roughly 20 generations (Thomas and 
Wilkie 1968). Intracellular selection and relaxed mtDNA replication has 
been made responsible for the loss of one type of mtDNA (Birky 1994). 

The most famous examples for a mixed plastid inheritance in higher 
plants are Pelargonium zonale, Oenothera species, and Medicago sativa 
(Table 1). Chloroplast inheritance has been studied in these species in 
reciprocal crosses with parents containing wild-type green plastids and 
parents harboring plastid mutations causing a white chloroplast pheno- 




Mixing 



T 





Preferentially uniparental 
inheritance 




Biparentat inheritance 



Fig. 2. Biparental inheritance of mitochondria and mtDNA segregation in Saccharomyces 
cerevisiae. Both mates contribute their mitochondria to the zygote. Budding in the dip- 
loid zygote can be predominantly polar and cells may arise having just one mitochon- 
drial type, depending on the degree of mixing of mitochondria in the zygote prior to cell 
division. Buds with mixed mtDNA populations are formed when cell division occurs in 
the middle of the zygote from the zone of mitochondrial mixing. mtDNAs of the different 
parents are indicated by open SLnd filled circles 
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type: progeny with either a green or a white color of leaves inherited 
plastids of only one parent. Green and variegated plants received chlo- 
roplasts from both parents which successively sorted out during plant 
development. P, zonule produces maternal, paternal, and biparental 
zygotes in varying proportions. Oenothera species produce only mater- 
nal and biparental but no parental zygotes. In contrast, M. sativa pro- 
duces predominantly paternal and biparental zygotes (see references in 
Table 1). A similar segregation pattern reoccurs in crosses with a given 
female and varying male parents in Pelargonium^ but variable patterns 
appear in crosses with a constant male and different females, indicating 
a maternal control in inheritance. Reciprocal crosses in Oenothera lead 
to clear reciprocal differences in the progenies with a distinct bias of 
maternal plastids. Reciprocal crosses of Medicago show a clear domi- 
nance (Tilney-Bassett 1994). Coincidently with biparental chloroplast 
inheritance, plastids and cpDNA were detected in sperm and egg cells of 
alfalfa (Zhu et al. 1991, 1993) and in generative cells of P. zonule (Nagata 
et al. 1997) and Oenothera species (Nakamura et al. 1992), but there is no 
consistent correlation among the absolute amount of cpDNA per gen- 
erative cell and the strength of male plastid transmission. 



p) Uniparental Maternal and Uniparental Paternal Inheritance 

In the majority of plants and fungi, organelle genes are predominantly 
inherited from only one parent (Table 1). However, uniparental inheri- 
tance does not act via a single mode. A great variety of cellular and mo- 
lecular mechanisms are found amongst different organisms. Blocks in 
organelle gene inheritance can act at different stages of the sexual cycle: 
at the prezygotic, fertilization, zygotic, and embryo stages. A single spe- 
cies may apply more than one method, especially in cases when mito- 
chondria and plastids follow different modes of inheritance. A given 
aproach might not be completely effective on its own but sequential op- 
eration of distinct mechanisms can make organelle inheritance more 
rigid (Whatley 1982; Hagemann and Schroder 1989; Birky 1994, 1995). 

Prezygotic mechanisms eliminate organelles or organelle genomes during gametogenesis. 
The most prominent mechanism found in some algae, a number of fungi, and generally 
in higher plants, employs male and female gametes of different size and content of or- 
ganelles and, therefore, of organelle DNA. In these cases of anisogamy and oogamy^ the 
macrogamete, the maternal parent, is larger than the microgamete, the paternal gamete. 
The zygote receives therefore an input of organelle genes that is biased towards one, 
normally the maternal parent. On the contrary, in isogamous forms, where gametes are 
not distinguished into male and female by size but into + or - mating types by physio- 
logical differences, the input bias is not determined by differences in cell volume or or- 
ganelle contents. Organelles of one type still might be excluded from the zygote, e.g., by 
destruction: chloroplasts are degraded in gametes of the isogamous filamentous green 
algae Temnogyra collinsii (Birky 1995). Anisogamous forms also can choose such an 
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eradicating way to exclude one type of organelle from the zygote. For example, in the 
syncytical green algae Bryopsis maximay mitochondrial and chloroplast DNA vanish from 
the male gamete during differentiation (Kuroiwa et al. 1991). Similarly, organelle DNAs 
disappear at the tricellular pollen-grain stage during pollen development in wheat, 
Lilium longiflorumy and various other angiosperms (Miyamura et al. 1987; Sodmergen et 
al. 1992). In conifers, the structure of plastids will be disrupted and the maternal cpDNA 
destroyed in the egg cell whereas mitochondria migrate in aggregates to the perinuclear 
structure and become incorporated into the cytoplasma of the embryo (Owens and Mor- 
ris 1990). Unequal distribution of organelles due to premitotic polarization of generative 
cells ensures in Plumbago zeylanica (leadwort) that the load of organelles in sperm cells 
is much greater than that in the egg (Russell 1987). However, most cases of nonrandom, 
polarized positioning of organelles during pollen development in angiosperms support 
their exclusion fromt the sperm cells (Hagemann and Schroder 1989). 

During fertilizatioriy organelles of the male gamete may fail to enter the female cell 
and are thus eliminated from the zygote. In higher basidiomycetes such as Coprinus 
cinereus (May and Taylor 1988), Armillaria bulbosa (Smith et al. 1990), and others (Table 
1 ), nuclei invade and migrate through the mycelium of a compatible mating type, a prop- 
erty not given to mitochondria (Barroso and Labar^re 1997). In Ginkgo and cycads, a 
single spermatozoid nucleus enters the egg during fertilization but the male cytoplasm is 
discarded just outside the egg cell near the point of nuclear entry (Whatley 1982). Simi- 
larly, in barley and spinach, only sperm nuclei merge with the egg cell (Wilms 1981; 
Mogensen 1988). 

Zygotic deterministic mechanisms include selective degradation of organelles and or- 
ganelle DNA after fusion. Chloroplasts of one parent desintegrate in zygotes of Entero- 
morpha, Spirogyra, VolvoXy and other green algae (Whatley 1982; Kuroiwa et al. 1993c) 
and the male organelles in zygotes of the fern Pteridium aquilinium (Bell and Duckett 
1976). mt and cpDNA degrade enzymatically in Chlamydomonas reinhardtii (Gilham 
1994). Uniparental inheritance via partitioning is found in the green alga Cylindrocystis: 
two chloroplasts of each parent are present in the zygote that will not divide or fuse but 
will be distributed one by one into the four products of meiosis (Birky 1995). In multicel- 
lular plants, a localized accumulation of organelles in the unfertilized or fertilized egg 
can settle the elimination of one type of parental organelle from the embryo by partition- 
ing them into extraembryo nic cells during the early divisions of the zygote. Such defined 
separation mechanisms have been described in larch (Szmidt et al. 1987), pine (Willemse 
1974), and alfalfa (Mogensen 1996). 

In most instances, uniparental maternal and uniparental paternal inheri- 
tance show some degree of leakage and produce offspring with mixed 
organelles, or offspring with organelles of the opposite type arise next to 
the favored class of progeny (Baptista-Ferreira et al. 1983; Neale et al. 
1986; Szmidt et al. 1987; Avni and Edelman 1919; Matsumoto and Fu- 
kumasa-Nakai 1996; Barroso and Labarere 1997; Laser et al. 1997). Other 
organisms where high numbers of progeny were analyzed seem not so 
amenable for leakage (for example Aspergillus nidulans, Coenen et al. 
1996). It depends on its frequency in a population but also very much on 
sample sizes and methods used for analyses whether deviations from the 
predominant pattern of inheritance can be detected (Reboud and Zeyl 
1994). 

Organelle inheritance has been studied by genetic, cytological, and molecular techniques. 
Mutants, especially when of dominant character, serve very well to pursue organelles 
during reproduction in large numbers of offspring. Unluckily, such powerful genetic 
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approaches are restricted to species where appropriate mutants are available. Marker 
phenotypes to trace mitochondria are respiration deficiencies (petite in bakers yeast, 
Ephrussi 1953; cytochrome aa3 deficiency in C cinereus, Baptista-Ferreira et al. 1983), 
mycelial growth retardation in the mould Neurospora crassa (poky and others, Griffiths 
et al. 1995), resistance to antibiotics in various fungi (e.g., chloramphenicol, erythromy- 
cin, oligomycin, Thraikill et al. 1980; Baptista-Ferreira et al. 1983; Coenen et al. 1996) and 
cytoplasmic male sterility (CMS) in many higher plants (Lonsdale 1987). Phenotypes that 
mark chloroplasts include extranuclear chlorphyll deficiencies (Ohba et al. 1971; Tilney- 
Bassett 1994) and resistance to herbicides and drugs (e.g., triazine, streptomycin, ten- 
toxin, Horlow et al. 1990; Erickson and Kemble 1993; Kavanagh et al. 1994). Techniques 
of more general use, but restricted by sample numbers, are electron microscopy and 
immunogold labeling with anti-DNA antibodies, and fluorescence microscopy to detect 
presence or absence of organelle DNA by DAPI (4,6-dimidine-2-phenylindole) staining 
(Miyamura et al. 1987; Nakamura et al. 1992; Nagata et al. 1997). Plastids have been 
found in male gametes of 18-27% of analyzed angiosperms (Corriveau and Coleman 
1988; Harris and Ingram 1991) but this does not inevitably denote paternal inheritance, 
as later-acting mechanisms may exclude them from the zygote or the offspring (see 
above). Absence of organelles is generally taken as an indication for uniparental inheri- 
tance, but this can be misleading: biparental chloroplast inheritance was described in rye 
and beans by genetic means but the cytological approach failed to detect plastids in male 
gametes (Frost et al. 1970; Karas and Cass 1976; Liu et al. 1997). Moreover, DAPI staining 
may fail to detect DNA whilst molecular methods still can reveal its presence (Corriveau 
and Coleman 1991). Molecular techniques employ DNA-DNA hybridizations, RFLPs 
(restriction fragment length polymorphisms), PCR (polymerase chain reaction), and 
plasmids (Borkhardt and Olsen 1983; Silliker et al. 1996, Barroso and Lahore 1997; Laser 
et al. 1997). Among molecular techniques, PCR is the most sensitive to detect substoi- 
chiometric amounts of organelle DNA, with a detection level that is comparable to the 
resolution obtained in genetic studies (Medgyesy et al. 1986; Coenen et al. 1996; Laser et 
al. 1997). 

Frequency of leakage can be influenced by the nuclear genome of the 
host, or by the organelle genome, or by both (Sect. 2.b, c) - even the 
presence of plasmids in an organelle can change the mode of inheritance 
(Kawano et al. 1995). Frequencies in a population respond to intracellu- 
lar selection. This becomes obvious when looking at organelle-encoded 
resistances in S. cerevisiae. When sensitive colonies are exposed to anti- 
biotics, resistant colonies accumulate gradually over time, due not to 
induction of new mutations but to intracellular selection of substoi- 
chiometric mtDNAs (Birky 1994). Such a frequency selection is also 
known in higher plants. Chloroplasts were believed to be inherited 
strictly maternally in Nicotiana abaccum, but low-frequency paternal 
inheritance may occur as seen when selecting for resistance (Avni and 
Edelman 1991). Like mtDNA of S. cerevisiae, organelle DNAs of higher 
plants appoint rolling circle replication for proliferation (Backert et al. 
1996). This gives an opportunity for uncontrolled multiplication of un- 
derrepresented DNA molecules and will finally lead to a new equilibrium 
state of organelle DNA (Albert et al. 1996). Unrecognized frequency se- 
lection can cause misinterpretation of results in crosses when organelle 
DNA of one parent is present in substoichiometric amounts in the other. 
Substoichiometric amounts of paternal mtDNA found in maternal mito- 
chondria made it impossible to decide upon paternal or maternal inheri- 
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tance of these sequences in intergenetic crosses between wheat and rye 
(Laser et al. 1997). A similar situation has been described in hexaploid 
wheats (Morere Le Paven et al. 1994) and in a study showing maternal 
inheritance of organellar DNA in carrots (Steinborn et al. 1995), making 
an earlier report on paternal cpDNA inheritance in carrots doubtful 
(Boblenz et al. 1990). 



b) Genetic Control of Organelle Inheritance 

In some instances, specific nuclear genes are known that control or 
contribute to organelle transmission (Sect. 2.c) but most of such func- 
tions await genetic and molecular identification. Plastid inheritance may 
be controlled by genes expressed in the maternal lineage as in Pelargo- 
nium (Tilney-Basett et al. 1992; Amoatey and Tilney-Basssett 1994), pa- 
ternally as in Petunia hybrida (Derepas and Dulieu 1992), or by both the 
maternal and the paternal genotypes as in Medicago sativa (Smith 1989; 
Masoud et al. 1990). Differences between plastids are more decisive for 
the percentage outcome of biparental and maternal inheritance in Oeno- 
thera hybrids, although there is an additional influence of nuclear DNA 
(Chiu et al. 1988; Chiu and Sears 1993). Strain-dependent plastome/gen- 
ome interactions are known in Stellaria longipes (Chong et al. 1994) and 
plastome/genome incompatibilities have been described in Zantedeschia 
hybrids (Yao et al. 1994). Maternal inheritance of mtDNA in Brassica 
napus is due to genes active in both parents (Erickson and Kemble 
1993). Nuclear Secale genes are responsible for biparental inheritance in 
Hordeum x Secale hybrids (Soliman et al. 1987). Certain mtDNA muta- 
tions shift the frequency of paternal and maternal inheritance in 
ChlamydomonaSy but environmental factors (blue light, nitrogen deple- 
tion) have also an influence (Beckers et al. 1991; Sears and VanWinckle- 
Swift 1994; Gloeckner and Beck 1995). Nuclear genotypes and mito- 
chondrial haplotypes influence maintenance of mitochondria in mixed 
dikaryons of the basidiomycete Agrocybe aegerita (Barroso and Labarere 
1997) and mitochondrial mixing in S. cerevisiae partly depends on the 
mitochondrial genotypes of the parent cells (Azpiroz and Butow 1993; 
Piskur 1997). 



c) Nuclear Contribution to Organelle Inheritance 

Due to the variability of mechanisms in which organisms verify uni- or 
biparental organelle inheritance, only a certain amount of conservation 
is to be expected in the participating functions. Recent studies have be- 
gun to identify nuclear components in the process of mitochondrial in- 
heritance in S, cerevisiae. It is the ideal organism for analyses of nuclear- 
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mitochondrial interactions since defects in nuclear genes affecting mito- 
chondrial inheritance and maintenance of mtDNA are rarely lethal 
(Table 2). So far, investigations of functions in mitochondrial inheri- 
tance concentrated primarily on mitotic transfer, but it is believed that 
at least some of the discovered mitotic functions will also contribute to 
meiotic transfer (Berger and Yaffe 1996). Due to the yeast genome se- 
quencing project, the list of identified functions is growing quickly and, 
in addition, first interactions between components are emerging. Some 
proteins involved in mitochondrial transmission are localized in the 
cytoplasm, others are directed to the mitochondria itself, often to the 
organelle membranes. Manifold links have now been established be- 
tween the cell cytoskeleton and transfer of mitochondria into buds by 
protein and mutant characterization (Table 2). Evidence for an actin- 
dependent organelle movement leads to a model in which organelle- 
associated motor molecules utilize the energy of ATP binding and hy- 
drolysis to drive along actin cables (Berger and Yaffe 1996; Simon and 
Pon 1996). Groups of other nuclear-encoded functions contributing to 
organelle transfer are responsible for mitochondrial protein import, 
correct protein folding, and nucleic acid metabolism. Mitochondrial 
inheritance mutants of these types are often thermosensitive and also 
show altered mitochondrial morphology and defects in the maintenance 
of the mtDNA (for details see Table 2). 

Only a few nuclear functions influencing mitochondrial inheritance have been isolated 
from organisms other than S. cerevisia, namely the clul homologue from Dictyostelium 
discoideum (Zhu et al. 1997), the mdmlO homologue from P. anserina (Jamet-Vierny et 
al. 1997a), the mdml2 homologue and a putative ccel homologue from S. pombe (Berger 
et al. 1997; White and Lilley 1997b), and the mipl homologue from Schizophyllum com- 
mune (Isaya et al. 1995), C. cinereus (Casselton et al. 1995), and Coprinus bilanatus (U. 
Kiies and M. P. Challen, unpubl.). Where known, the cytological effects on mitochondrial 
inheritance and structure are the same as described in S. cerevisiae (Table 2). 

The most prominent of all nuclear associations to organelle inheritance 
are in many fungi and algae the mating types. In the slime mold Phy- 
sarum polycephalunty different forms of the multiallelic mating types 
locus mat A can be ranked in a linear hierarchy to determine loss of 
mtDNA (Kawano et al. 1995). In the oomycete Phytophthora infestanSy a 
certain type of mitochondria tends to cosegregrate with Al, one of the 
two possible mating types (Whittaker et al. 1994). Cells of the mating 
type a2 in the heterobasidiomycete Microbotryum violaceum (Ustilago 
violacea) preferentially receive the mitochondria of the a2 parent 
whereas al cells retain either type of mitochondrion. This strongly sug- 
gests that mitochondrial selectivity is a function of the a2 mating type 
allele or of a gene on the same chromosome (Wilch et al. 1992). An 
analogous link of mitochondrial inheritance and the a2 mating type 
locus as in M. violaceum were not established in U. maydis (M. Bolker, 
pers. comm.). However, two genes, lga2 and rga2y are localized in the 




Table 2. Nuclear encoded functions affecting mitochondrial inheritance and maintenance of mtDNA in Saccharomyces cerevisiae 
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ATMl (MDY) XIII Lethal • Required for mtDNA maintenance 

• Suspected to function in protein translocation, ABC transporter 




HSP78 IV Viable • Mitochondrial heat shock protein, functions as a mitochondrial chaperone with HSP70 

• Required for mitochondrial DNA integrity during extreme temperature stress 

MGEl (GRPE, XV Lethal • Required for maintenance of mitochondrial function 

YGEI ) • Participates in folding of proteins during mitochondrial import, cooperates with SSCl, 

homologue of Escherichia coli GrpE 
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MRS 2 XV Viable • Protein essential for splicing of mitochondrial group II introns and involved in a function 
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Certain mutations lead to unstable mitochondrial genomes 




SSCl (ENSl) X Lethal • Mitochondrial heat shock protein HSP70 family, chaperone in protein folding during 

import 

• Cooperates with HSP78 in maintenance of mitochondrial function 

• Large subunit of mitochondrial endonuclease Seel that initiates homologous recombina- 
tion by introduction of double- strand breaks 
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MGMIOI X Viable • Mutation results in temperature sensitive loss of mtDNA 

(MGM9) • Basic protein with inidentified mitochondrial function 
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Proteome, Inc (http://quest7.proteome.com/YPDhome.html). Information for NUC2 is from Chow and Kunz (1991), for MHRl from Ling et al. 
(1995), and for SOTl from Berger et al. (1997). 
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unique DNA of the a2 mating type but are missing in the al mating type. 
These genes encode putative mitochondrial matrix proteins but it is not 
yet known whether they are involved in mitochondrial inheritance 
(Urban et al. 1996). mipl genes for mitochondrial intermediate pepti- 
dase have been shown to be directly linked to the A mating type loci in 
higher basidiomycetes (Casselton et al. 1995; Isaya et al. 1995, U. Kiies 
and M. P. Challen, unpubl.). Similarly, in Chlamydomonas species, there 
is considerable evidence for control of organelle inheritance by the 
mating type genes or a closely gene(s). Genes connected to chloroplast 
transmission (functions permitting specific protection of organelles of 
one parent and defined destruction of the other) have been postulated to 
reside within the mating type mf locus while those for mitochondrial 
inheritance are proposed to be present within the mf locus (Armbrust et 
al. 1995). A first characterization gene, egyl, present in seven to eight 
copies within the mating type region, seems to participate in rn chloro- 
plast degradation (Armbrust et al. 1993). 



3 Recombination of Organelle Genomes 

The circular chloroplast genomes of higher plants and algae are highly 
conserved in size (120-217 kb, as exception 400-450 kb are found in 
algae) and gene arrangements (Palmer 1991). Recombination of chloro- 
plast genes is relatively rare in higher plants (Hoot and Palmer 1994; 
Kawata et al. 1997) but common in the lower eukaryote Chlamydomonas 
(Boudreau and Turmel 1995). In contrast, mitochondrial genomes in 
plants and in fungi are highly diverse in their size (17-180 kb in fungi, 16 
to 220 kb in algae, up to more than 2000 kb in higher plants), in se- 
quence contents and gene arrangement due to a high frequency of re- 
combination (Schuster and Brennicke 1994; Leblanc et al. 1997). With a 
few exceptions, mitochondrial DNA in plants and fungi is reported to be 
circular although linear molecules of various sizes seem in many species 
to be the major form of DNA within the mitochondrion (Bendich 1993). 
Linear molecules are thought to be products of rolling circle replication 
of existing circular mtDNA molecules. Successive intramolecular re- 
combination might circularize the DNA and this is made responsible for 
the 10-15% circular mtDNA molecules found in a cell (Maleszka et al. 
1991; Bendich 1993; Backert et al. 1996). 



a) Intraorganellar Recombination 

High frequency of intramolecular recombination of mtDNA has been 
observed in many plants (e.g., in Brassica, maize. Petunia, and soybean. 
Palmer and Shields 1984; Conklin and Hanson 1993; Fauron et al. 1995; 
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Moeykens et al. 1995), and occasionally also in fungi (Barroso et al. 
1992). Recombination mostly involves pairs of direct or inverted repeats 
sized between some 100 and 12 kbp. Recombinational events across re- 
peated sequences in direct orientation are thought to lead to the genera- 
tion of subgenomic DNA molecules (Fig. 3A). In contrast, recombination 
across inverted repeats results in DNA inversions. The higher the num- 
ber of repeats within a given mtDNA, the more complex is the structure 
of the organelle genome: due to recombination via all possible repeats, it 
is composed of a multicircular population of master chromosome and 
subgenomic circles (Fauron et al. 1995). In contrast, most chloroplast 
genomes contain only two large inverted repeats (IR) of 5 to 80 kb which 
are separated by a large single-copy region (LSCR) and a small single- 
copy region (SSCR). Products of reciprocal exchange by a flip-flop 
mechanism within the IR differ only in orientation of the single-copy 
regions relative to each other (Palmer 1991; Fig. 3B). 

The lack of conserved sequence motifs amongst large repeats in 
mtDNA of different species, even if closely related, suggests that recom- 
bination may be based on a homologous mechanism, rather than being 
site-specific (Conklin and Hanson 1993) - although, since the presence 
of repeats alone is not sufficient for high frequency recombination, 
other, perhaps site-specific, mechanisms might exist (Hanson and Fol- 
kerts 1992). So far, recombination via homologous repeated sequences 
has not been verified enzymatically. However, proteins related to RecA, 
pivotal for homologous recombination in Escherichia coli, have been 
detected in plant chloroplasts (Cerutti et al. 1993, Sect. 3.c). Moreover, 
gene replacement by homologous recombination has been observed in 
organelle transformation (Maliga et al. 1993). 

In addition to the frequent recombination events that occur across 
large repeats, rare recombination of organelle DNAs has been observed 
that employs short repeats and sequences as small as a few bp (Table 3) 
up to a few hundred bp (Andre et al. 1992; Cosner et al. 1997). Specific 
recombination sequences, often closely linked or located within the large 
repeats, obviously act as recombination hot spots. Recombinational 
events of this type can cause large deletions, duplications, or inversions 



Fig. 3A-C. Intraorganellar recombination. A Intramolecular recombination in the 
mtDNA of Brassica campestris using a pair of direct repeats. Recombination is reversible, 
leading to an equilibrium between the large master chromosome (218 kb) and the two 
smaller resolution products (135 and 83 kb, respectively). The schematic presentation 
follows the model of Palmer and Shields (1984). B Intramolecular recombination in the 
cpDNA of the brown alga Dictyota dichotoma at a pair of inverted repeats. Flip-flop 
isomerization leads to a mixture of cpDNA molecules differing only in the relative orien- 
tation of a region containing genes for photosystem I and II, indicated by hold lines 
marking their localization (Kuhsel and Kowallik 1987). C Recombination at small repeats 
{R1 and R2) in master circles of plant mtDNA leads to formation of subcircles that can 
form new master circles by subsequent homologous recombination. (Small et al. 1989) 
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Fig. 3A-C. 
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in the DNA molecules and lead to mutant phenotypes which are charac- 
terized by impaired organelle function (Cosner et al. 1997; references in 
Table 3). Recombination between very short repeats in mtDNA results in 
molecules termed sublimons which are present in substoichiometric 
amounts relative to the main mitochondrial genome. When different 
substoichiometric intermediates participate via a common region in 
homologous recombination, new master circles are formed carrying the 
common region as a duplication (Small et al. 1989; Fig. 3C). 

Small repeats serving as recombination hot spots are often either 
A+T- or G+C-rich, and often they contain stretches of only one base 
type (Table 3). Sometimes, sequences of such recombination hot spots 
have been found to be conserved between species (Moeykens et al. 1995; 
Johnson and Hattori 1996), but in many species there is no similarity 
amongst recombinogenic repeats. Moreover, within the same mt or 
cpDNA, different sequences may give rise to rearrangements (Table 3). 
Therefore, a distinct sequence per se is not the basis for recombination 
but rather its repetition within a given DNA. 

Accumulation of short inverted and direct repeats within the borders of a 2.4-kb repeated 
element (Wendy) in cpDNA of C. reinhardtii suggests that some of the repeats found in 
organelle DNA may be the remnants of transposons or other mobile elements (Fan et al. 
1995). Small repeats are often overrepresented in a genus, like the GC clusters in S. cere- 
visiae and MUSE (mitochondrial ultrashort elements) in P. anserina. They are preferen- 
tially located in the intergenic spacers and in the variable parts of the small and large 
rRNAs. It has been suggested that these short sequences are mobile elements that spread 
via gene conversion in S. cerevisiae and, at least in P. anserinUy via a reverse transcriptase 
mechanism (Koll et al. 1996). In any case, RNA-processing sites and introns in organelle 
DNA appear to be favored substrates for sequence-specific rearrangements and sequence 
duplication (Andre et al. 1992). Homing (the movement of an intron to an intro nless 
DNA) of a group I intron has been demonstrated in mitochondria of 5. cerevisiae and in 
chloroplasts of C. reinhardtii (Lambowitz and Belfort 1993; Durrenberger et al. 1996) and 
for mitochondrial S. cerevisiae and P. anserina group II introns (Sellem et al. 1993; Yang 
et al. 1996). The mobility of group I introns depends on double-strand breaks (DBS) 
introduced by an intron-encoded endonuclease at specific DNA sites, immediately fol- 
lowed by DBS repair via gene conversion using intron-containing DNA as the template 
for recombination. Homing of group II introns which encode reverse transcriptase-like 
enzymes occurs via reverse splicing of the generated cDNA (Guo et al. 1997). 

Deletions and insertions in organelle DNA may be mediated by direct 
repeats via a type of illegitimate recombination, either by replication 
slippage (Sears et al. 1996), misalignment of repeated sequences during 
homologous recombination (Fan et al. 1995), or by topoisimerase-cata- 
lyzed DNA breakage and rejoining (Woelfle et al. 1993; Obernauerova 
and Subik 1994). Inverted repeats, on the other hand, may offer specific 
recombination signals due to secondary folding. Consistent with this, an 
endo-exonuclease from N, crassa has been shown in vitro to cleave such 
sequences in mtDNA at points of recombination (Almassan and Mishra 
1991). Inverted repeats also might undergo homologous recombination: 
formation of head-to-head and/or tail-to-tail oligomers in cpDNA of rice 




Table 3. Compilation of short invers and/or direct repeated sequences shown to be involved in mtDNA and cpDNA recombination 
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AATTCGTTTATA, 13-18 bp T-rich Kawata et al. (1997) 
blocks 

Saxifragahypnoides ACTT/AC/TGATTT/CT van Ham etal. (1994) 




Angiosperms - 
monocotyledons 

Oryza sativa (ncQ) TTCCCTC CGGGTTCGATTCCC, TTTAGAATA Hiratsuka et al. (1989); Kadowski et al. 

(1990); 

CTTTTTTTTTAGAATAC, Kanno et al. (1993); Morton and Clegg 
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is thought to occur be homologous recombination between the stems of 
identical pairs of cruciforms located on different molecules (Kawata et 
al. 1997). Rayko and Goursot (1996) alternatively explain the formation 
of head-to-tail, head-to-head, and tail-to-tail mitochondrial genomes in 
petite mutants of S, cerevisiae as a consequence of recombination- 
directed rolling circle replication. According to this model, replicative 
strands invade homologous inverted nicked DNA of the same molecule 
at regions that are already replicated. Nascent strands subsequently 
cross-link and parental strands join end-to-end (the rocking circle 
model). 

Most of the recombination processes described so far will occur in a 
DNA population within a single organelle or within the organelles of the 
same cell. However, recombination is also possible between organelle 
DNA from different parental origin, providing that at least some mixing 
of cytoplasm and organelle fusion is granted in a zygote or fusion prod- 
uct (Sect. 2). Recombination between parental genomes in most organ- 
isms is rare, but relatively frequent in chloroplasts of Chlamydomonas 
and in mitochondria of S. cerevisiae and a few other ascomycetes (Birky 
1995). Homologous recombination between common regions in petite 
mtDNAs can restore wild-type respiration in S. cerevisiae. Interestingly, 
the recombinant mtDNA molecules carry duplicated regions similar to 
new master circles formed by recombination of sublimons in plant mito- 
chondria (Evans and Clark-Walker 1985; Fig. 3C). The occasional ocur- 
rence of recombinant DNA fragments in organelle genomes in the sexual 
progeny of other fungi and plants has been taken as a criterion for low 
biparental inheritance (Sect. 2). In most cases, the type of recombina- 
tional event is not clear, often perhaps due to low biparental transfer 
frequencies and to the complexity of genomes involved. However, high 
frequency of interparental recombination of organelle DNA has been 
observed in somatic hybrids of plants and fungi after overcoming sexual 
and vegetative incompatibility barriers by protoplasting. Such studies 
with somatic hybrids provide insight into mechanism of interparental 
recombination (Akagi et al. 1995; Kevei et al. 1997; Bellaoui et al. 1998). 



b) Interorganellar Sequence Transfer 

The transfer of DNA sequences between nuclear DNA and organelle 
genomes is a repeatedly occurring phenomenon during the evolution of 
eukaryotes (Brennicke et al. 1993). Transfer of cpDNA and mtDNA to 
the nucleus (Blanchard and Schmidt 1995) and transfer of nuclear and 
CpDNA to mitochondria (Schuster and Brennecke 1987) have been re- 
ported in higher plants. In contrast, mtDNA has been transferred to the 
nucleus in algae (Kobayashi et al. 1997) but in the mitochondria, foreign 
(promiscuous) DNA inserts were not found (Leblanc et al. 1997). In 
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fungi, mitochondrial DNA differs from species to species by the nature 
and number of mitochondrial genes that were shifted to the nucleus 
(Paquin et al. 1997). It had been suggested that genetic information 
transfers between organelles via RNA and reverse transcription. Strong 
evidence for such a mode of transfer is found for mitochondrial genes 
whose nuclear localized counterparts resemble the edited mitochondrial 
transcripts (Wischmann and Schuster 1995). RNA-mediated transfer 
may also account for insertion of fully transcribed cpDNA segments into 
mtDNA (Schuster and Brennicke 1987). However, all possible cpDNA 
sequences have been found in mitochondrial genomes, although the 
composition of the transferred chloroplast sequences varies from plant 
to plant. Amongst the integrated fragments examined, nontranscribed 
DNA regions, segments that contain introns and segments that are tran- 
scribed in different directions, have been identified. All these cases argue 
against an RNA-mediated transfer of at least these chloroplast sequences 
(Nakazono and Hirai 1993; Zhen et al. 1997). Investigations of the bor- 
ders of cpDNA integrated in rice mtDNA revealed no common sequence 
motifs or structures that might explain their mode of integration. Thus, 
integration might be nonhomologous or, alternatively, secondary dele- 
tions and/or rearrangements around the junction sites lead to the loss of 
such structures (Nakazono and Hirai 1993). Due to the dynamic and 
flexible character of mtDNA (Sect. 3.a), inserted cpDNA is constantly 
subjected to rearrangements in which short repeated sequences may 
play a role (Nakazono and Hirai 1993; Watanabe et al. 1994; Kubo et al. 
1995). Some chloroplast sequences are found in more than one place in 
the mtDNA. These copies might either come from extensive mtDNA 
rearrangements including sequence duplication or, a second fragment of 
CpDNA has been inserted by homologous recombination via the first, 
earlier inserted, copy (Watanabe et al. 1994). 



c) Proteins Involved in Organelle Recombination 

The nature of nucleo-organellar interactions during organelle biogenesis 
has been extensively studied in the yeast S. cerevisiae. In fact, most of the 
proteins located in the mitochondria are nuclear encoded and many 
nuclear functions are necessary to maintain the integrity of the mito- 
chondrial genome (Table 2). Many functions, such as the mitochondrial 
protein synthesis machinery (Myers et al. 1985), have an indirect effect 
on mtDNA maintenance. Other proteins are directly involved in DNA 
metabolism (Table 2): various endonucleases, more or less specific in 
their sequence requirements are known to initiate recombination by 
creating double-strand breaks in the DNA (Chow and Kunz 1991, Ezekiel 
and Zassenhaus 1994; Shibata et al. 1995). Homologous recombination 
as well as gene conversion is extremely reduced (nearly 50%) in mutants 
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lacking the NUCl endo/exonuclease. The important function of this 
enzyme in recombination appears to be the enlargement of heteroduplex 
tracts by its 5' exonuclease activity (Zassenhaus and Denninger 1994). In 
the course of recombination, Holliday junctions are created, and these 
were shown to be cut by the mitochondrial CCEl (MGTl) junction-re- 
solving enzyme (White and Lilley 1997a). Since recombination junction 
remain unresolved in ccel mutants, mtDNA molecules are linked to- 
gether in branched structures, and this abolishes the normal rapid seg- 
regation of mtDNA in sexual crosses (Lockshon et al. 1995). Further- 
more, various topoisomerases have been isolated from yeast mitochon- 
dria which may take part in illegitimate recombination (Ezekiel et al. 
1994; Murthy and Patsupathy 1994; Obernauerova and Subik 1994; Tua 
et al. 1997). The mismatch repair protein MSHl plays a role in homeolo- 
gous recombination (Chi and Kolodner 1994). 

Evidences for various topoisomerases also have been found in chlo- 
roplasts of C. reinhardtiU in the goose foot, Chenopodium album, and in 
the garden pea (Meissner et al. 1992; Woelfle et al. 1993; Zagariya and 
Sitailo 1995), and a gyrase is known to influence inheritance of cpDNA 
in the alga Cyanidioschyzon merolae (Itoh et al. 1997). Most interesting 
is the detection of RecA-like enzymes in the chloroplasts of C. rein- 
hardtii, Arabidopsis thaliana, and Pisum sativum, RecA is a single- 
stranded DNA-binding protein that mediates strand displacement and 
pairing with homologous double-stranded DNA and such strand transfer 
activity has been found in pea chloroplasts (Cerutti and Jagendorf 1993). 
The nuclear encoded RecA homologue of A. thaliana has been shown to 
partially complement recA mutations in the bacterium E. coli (Pang et al. 
1993), and dominant negative recA alleles of E. coli interfere with the 
activity of the RecA homologue in chloroplasts of C. reinhardtii trans- 
formants (Cerutti et al. 1995). All in all, the information on nucleo- 
cytoplasmic interactions in plants that influence the structural organi- 
zation of plant organelle DNA is, however, limited. Nuclear genes that 
control changes in the organization of the mitochondrial genome are 
known to exist in wheat, maize, soybean, and Arabidopsis (Escote-Carl- 
son et al. 1990; Hartmann et al. 1992; He et al. 1995; sakamoto et al. 
1996), but it is not clear if these nuclear genes differentially influence 
recombination and/or replication of the various members of the multi- 
partite mitochondrial genome. 

Some insight has been gained in nuclear control of mitochondrial re- 
combination in the fungus P. anserina, mostly due to the senescence 
phenomenon, the unavoidable arrest of vegetative growth which is corre- 
lated with structural rearrangements of the mtDNA (Jamet-Vierny et al. 
1997b, c). It is estimated from a mutagenesis screen that at least 600 nu- 
clear genes modulate the life span of the fungus and possibly also con- 
tribute to the defective structure of mtDNA molecules (Rossignol and 
Silar 1996; Silar et al. 1997b). The first isolated genes made it clear that. 
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as in S. cerevisiae, many of these genes will not directly contribute to 
mtDNA recombination. Among the so far characterized genes that ap- 
pear to be associated to specific mitochondrial DNA rearrangements is 
the long-known gene grisea that encodes a putative copper-activated 
transcription factor (Borghouts et al. 1997). In other cases, genes for the 
cytosolic ribosomal proteins S7, SI 2, and S19 have been identified, the 
first of which is a homologue to the S13 ribosomal protein of S. cere- 
visiae known to be involved in fidelity control of cytosolic translation 
(Dequard-Chablat and Sellem 1994; Silar et al. 1997a). A suppressor gene 
of the S12 mutation ASl-4 encodes the mitochondrial outer membrane 
protein Tom70 that, by analogy in S. cerevisiae, is involved in the import 
of proteins from the cytosol into the mitochondria. Another suppressor 
is homologous to MDMIO, which is also an outer membrane protein of 
S. cerevisiae (Jamet-Vierny et al. 1997a; Table 2). For more than 40 years, 
the mf mating type was believed to influence the senescence process 
and, consequently, mitochondrial rearrangement. However, recent 
analysis revealed that a new locus (rpm) tightly linked to the mating type 
genes is responsible for certain mtDNA deletions and possibly in an 
allele- specific manner for the effect of the mt haplotype on senescence 
(Contamine et al. 1996). 



4 Plasmids 

Natural plasmids have been frequently found in mitochondria of plants 
and fungi, but not in chloroplasts. Mitochondrial plasmids might be 
classified by their structure, by the presence or absence of homologies to 
the host mtDNA, and by the effects they might have on the host mtDNA. 
In fungi, most but not all plasmids are linear. In higher plants, circular 
plasmids may predominate. However, as shown in N, crassUy both circu- 
lar and linear plasmids can occur in one species and even in one popu- 
lation of an organism. Most mitochondrial plasmids do not provide any 
known phenotypic advantage to their host but they encode functions 
(e.g., DNA- and RNA polymerase, reverse transcriptase) related to their 
own propagation. Some plasmids, however, have been implicated in 
fungal senescence, longevity, and rearrangements of the mitochondrial 
genome, resulting in mitochondrial malfunction and growth abnormali- 
ties (Griffiths 1995; Kawano et al. 1995). 



a) Plasmid Inheritance and Horizontal Plasmid Transfer 

As in organelles, there is a preference for maternal inheritance of mito- 
chondrial-associated plasmids (Griffiths 1995). However, plasmid Kalilo 
in N. crassUy Han-2 and Har-L in N, intermediay pAL2-l in P. anserina 
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and Callan-a in Epichloe typhina are not or not always inherited along 
the maternal line. These plasmids are frequently lost during sexual 
propagation although the maternal mtDNA is maintained (Hermanns et 
al. 1994; Debets et al. 1995; Griffiths and Yang 1995; Chung et al. 1996). 
Occasional male transmission of mitochondrial plasmids (in frequencies 
ranging from 1-15%) has been documented in some crosses of N. crassa, 
N, intermediay and E. typhina (May and Taylor 1989; Debets et al. 1995; 
Chung et al. 1996). In addition, a mitochondrion-associated linear plas- 
mid in Brassica also tends to be paternally transmitted (Erickson and 
Kemble 1990). Plasmids may force their own transmission by overriding 
the normal pattern of mitochondrial inheritance, like plasmid mF in 
P, polycephalum that induces mitochondrial fusions (Kawano et al. 
1995). The discovery of homologous mitochondrial plasmids in different 
Neurospora species also suggests inheritance of plasmids independently 
of their host mitochondrion (May and Taylor 1989). Similarly, mito- 
chondrial plasmids in plants are conservative, and phylogenetic analysis 
supports their independent transfer (Palmer et al. 1983). Beside the 
usual mode of inheritance during the sexual cycle (vertical transfer), 
genetic information may be transmitted by horizontal gene transfer. It 
allows genes to invade a foreign genome, even if donor and receptor are 
not able to enter the reproductive cycle. In filamentous fungi, hyphal 
fusion (anastomosis) between genotypically dissimilar organisms offers 
the possibility of horizontal gene transfer. Transfer of mitochondrial 
plasmids has been reported in the genus Neurospora (Debets et al. 1994). 
Kempken (1995) demonstrated horizontal transfer of the mitochondrial 
Ascobolus plasmid pAI2 into the unrelated dung fungus P. anserina, but 
pAI2 has a low stability in the foreign host. 



b) Plasmid Recombination 

Various recombinative events have been observed in connection with 
mitochondrial plasmids. Certain plasmids are generated by recombina- 
tion, others undergo intra- and interplasmid recombination and/or in- 
teract with the mitochondrial DNA. Amongst the circular plasmids re- 
leased from and associated with rearrangements of the mitochondrial 
DNA are the well-studied senDNAs (a, (3, y, 6, e, and 0) found in senes- 
cent cultures of P. anserina. The most common subcircle is the 2.5-kb 
pi DNA or a-senDNA that corresponds exactly to the first intron of the 
COXl gene which encodes a protein with reverse transcriptase (FaCben- 
der et al. 1994) and probably endonuclease activity (Sainsard-Chanet et 
al. 1994). The initial step for pi DNA liberation has been proposed to be 
an excision event mechanistically equivalent to the DNA-splicing proce- 
dure or alternatively, pi DNA might be produced by reverse transcrip- 
tion of the coxl pre-mRNA (Esser et al. 1980; Schmidt et al. 1990). Other 
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scientists prefer a model where the intron transposes downstream from 
its own upstream exon, followed by a looping-out excision event of in- 
trachromosomal tandem repeats of the intron (Sainsard-Chanet et al. 
1994). Although neither of these models requires autoreplication for 
pi DNA propagation, there is strong evidence (presence of replication 
forks and the replication origin) that pi DNA, once liberated, is able to 
replicate autonomously (Wedde 1994). In contrast to plDNA, other 
senDNAs are generated by progressive fragmentation of the wild-type 
mtDNA via intramolecular recombination. They have variable size and 
termini and do not arise as frequently. Interestingly, MUSE sequences 
(GGCGCAAGCTC, see Table 3) contribute in some cases to the release of 
P-senDNAs, either directly as the repeated sequence in which recombi- 
nation occurs or recombination occurs through unrelated but closely 
linked direct repeats (Koll et al. 1996; Jamet-Vierny et al. 1997b, c). 

pi DNA of P. anserina is able to reintegrate into the mtDNA at other 
sites than its original place by transposition via reverse splicing. Such 
integration events are proposed to contribute to site-specific deletion 
events in the mtDNA (Sainsard-Chanet et al. 1993; Sellem et al. 1993). 
Circular mitochondrial plasmids (Mauriceville, 3.6 kb; Varkud, 3.8 kb) 
with retroposon characteristics have been isolated from mitochondria of 
certain Neurospora strains that integrate via RNA intermediates into 
mtDNA and cause growth defects to the host. The plasmid-encoded re- 
verse transcriptase initiates cDNA synthesis at the 3'-CCA end of the 
plasmid transcript that adopts a tRNA-like structure. Similarly, the re- 
verse transcriptase recognizes 3’ ends of tRNAs and produces the 
equivalent cDNA. Hybrid cDNAs are formed by template switching be- 
tween the plasmid transcript and tRNAs. Homologous recombination 
between hybrid cDNAs and mtDNA sequences coding for tRNA ac- 
counts for integration of plasmid cDNA copies into the mtDNA (Chen 
and Lambowitz 1997; Chiang and Lambowitz 1997). 

Mitochondrial linear plasmids have an ORF for a DNA polymerase, 
terminal inverted repeats (TIRs), and proteins associated at the 5' ends 
like some DNA viruses. The terminal repeats of linear plasmids have 
been implicated in integration events into mitochondrial DNA: a 60-bp 
deletion and a 13-bp insertion within the inverted repeat abolishes the 
ability of the 9-kb Neurospora plasmid Kalilo to integrate into mtDNA. 
Kalilo in its unmutated form integrates at seven distinct regions of the 
mtDNA. Integration always generates long inverted repeats of mtDNA 
flanking the ends of the inserted plasmid and, always, short imperfect 
palindromes of 5-18 bp are lost from each end of Kalilo. In contrast, the 
unrelated 7-kb plasmid Maranhar, found in other Neurospora isolates, 
integrates completely into mtDNA under formation of flanking inverted 
repeats of mtDNA. The integrative forms of both plasmids are thougth 
to be single-stranded replication intermediates that have folded into a 
panhandle structure by pairing of the bases in the TIR sequence. There is 
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no sequence homology between Maranhar and its mtDNA integration 
sites, but 5-bp regions of homology have been identified between the 
termini of Kalilo and its integration sites in the mtDNA, which might 
support cross-over and insertion of the plasmid (Griffiths 1995). In con- 
trast to Kalilo and Maranhar, that induce fungal senescence by integra- 
tion into mtDNA, the 8.4-kb P. anserina plasmid pAL2-l confers lon- 
gevitiy to its host. Integration of pAL2-l is site-specific within the third 
intron of the apocytochrome b gene and is accompanied by the forma- 
tion of long inverted repeats of mtDNA attached to the ends of the 
plasmid by a 15-bp AT linker (Hermanns and Osiewacz 1996). The 
plasmid integration mechanism in Zea mays is fundamentally different 
from those described so far. The mtDNA contains a 186-bp stretch of the 
208-bp-long TIR of the linear plasmids SI and S2 which integrate into 
mtDNA via homologous recombination through these regions. The mi- 
tochondrial genome linearizes in consequence of this mode of plasmid 
integration (Schardl et al. 1984). Similarly, the linear plasmid mF of 
P, polycephalum recombines with the host mtDNA via a common se- 
quence of 479 bp. Due to this homologous recombination, two linear 
recombinant mtDNAs with the 205-bp plasmid TIR at one end are found 
in the mitochondrion along with the unrecombined plasmid and 
mtDNA. Common sequences between plasmid and mtDNA in these and 
other organisms (Agaricus bisporus, Claviceps purpurea, Secale cereale) 
comprise TIR sequences and parts of polymerase genes and are possibly 
relics of former plasmid integrations (Kawano et al. 1995). 

Plasmids may also undergo intramolecular rearrangements by 
mechanisms similar to those observed in rearrangements of mtDNA 
(Sect. 3). A population of four circular related plasmids in rice mito- 
chondria is thought to derive either from intramolecular recombination 
or from slipped mispairing during replication. Consistent with this ob- 
servation, short repeats were found at the plasmid deletion/insertion 
sites (Miyata et al. 1995). Similarly, a set of a 26-bp imperfect direct re- 
peat created a deletion in the circular S plasmid of date palm (Bens- 
limane et al. 1996) and shortened forms of Kalilo might be generated by 
replication slippage (Vierula and Bertrand 1992). In other cases, differ- 
ent plasmids recombined with each other, as in teosinte {Zea luxurians), 
where the linear Ml plasmid obviously arose from a nonhomologous 
recombination event between two other linear plasmids (Grace et al. 

1994) . A new linear plasmid, Harbin-L, and a new small circular plasmid 
Harbin 0.9, were formed in a Chinese strain of N. intermedia by recipro- 
cal recombination within 7-bp regions of identity between the circular 
plasmid Zhisi and the linear plasmid Harbin-1 (Griffiths and Yang 

1995) . Variant mitochondrial plasmids in Vida faba arose from two 
succesive or simultaneous recombination events involving the two circu- 
lar plasmids mtpl and mtp2. One recombination event occurred within 
a 276-bp region identical in the parent plasmids, creating chimeric 
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plasmids. The second type of recombination events causing sequence 
deletions was located in a region characterized by numerous direct re- 
peats of a 31 -bp motif. Interestingly, the presence of such mutated 
plasmids is nuclear-controlled at the level of either plasmid creation or 
replication (Flamand et al. 1993). 



5 Conclusions 

Classically, it was assumed that organelle DNA is maternally inherited. 
However, more and more examples for a preferential paternal inheri- 
tance are accumulating in the literature, overthrowing the strict dogma 
of maternal inheritance. In other cases, leakage in maternal inheritance 
enables paternal DNA to be transferred into the progeny. Fusion of the 
parental mitochondria or plastids during sexual crosses is a prerequisite 
for interparental recombination of organelle DNA but organellar re- 
combination is generally rare during sexual crosses. In many organisms, 
organelle DNA frequently undergoes recombination without the intro- 
duction of foreign sequences. Various mechanisms contribute to rear- 
rangements of the organelle genome. Most of the observed rearrange- 
ments do not affect metabolism and finess of the host organism. In other 
cases, rearrangements of organelle DNA, especially mtDNA, interferes, 
for instance, with the life span of some fungi and pollen sterility in 
plants. In general, mitochondrial genomes seem to be more accessible to 
recombination than the cpDNA. Recombination events may be either 
accidental or directed. An example for the latter is the homologous re- 
combination along the large inverted repeats in chloroplast genomes, 
which is thought to contribute to the conservation and stability of the 
cpDNA (Palmer 1991). 
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Nuclear and Plastomic Transformation 

of Higher Plants Using Microprojectile Bombardment 

Christer Jansson and Pirkko Maenpaa 



1 Introduction 

Biolistic transformation is the dominant method for construction of 
transgenic cereals. Although the biolistic approach can be optimized for 
transformation of any plant (and non-plant) species, the efficiency of 
generated transformants is significantly lower compared to Agrobacte- 
num-based transformations. Protocols for Agrobacterium-mediated 
transformation of grasses have been successfully developed during the 
past years. However, biolistic transformation continues to be of major 
importance for gene technological advances in cereals and other higher 
plants. 

In plants, there are three different types of genetic materials: the nu- 
clear genome, the plastid genome (the plastome) and the mitochondrial 
genome. Many structures and functions in plant metabolism, such as 
those pertaining to photosynthetic and respiratory electron transport, 
depend on interactions between the nucleus and the organellar genomes. 
Methods for stable transformation of the chloroplast genome in higher 
plants have recently been established. However, as yet, no methods for 
manipulation of the mitochondrial genome have been reported. 

In this chapter, we will discuss the recent advances in biolistic trans- 
formation of higher plants, including the construction of stable nuclear 
and plastomic mutants. 



2 Biolostic Transformation - Methodology 

The general procedure for biolistic transformation is outlined in Fig. 1 
and a schematic representation of the steps is shown in Fig. 2. The de- 
tailed protocol varies depending on organism and tissue, and examples 
can be found in several references. Both commercial and home-built 
biolistic devices are in use. Microprocetiles are commonly made of gold, 
although tungsten or platinum particles are also sometimes in use. 
Rupture discs for various pressures are available. As for Agrobacterium- 
based transformation, a large number of reporter genes and selectable 
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DNA preparation 

1 

Microprojectile preparation 

Rinse and suspend microprojectiles in water 
Resuspend microprojectiles in DNA solution 
Vortex suspension 

Resuspend DNA/microprojectile preparation in EtOH 

1 

Bombardment 

Set the distances between rupture disc and macrocarrier, 
between the macrocarrier and the stopping screen, 
and between the stopping screen and the sample 

Insert macrocarrier 

Resuspend DNA/microcarrier precipitate and dispense onto 
the macrocarrier surface 

Insert the stopping screen 

Insert sample on petri dish 

Evacuate chamber 

Activate Helium pressure 

Fig. 1. Outline showing a general protocol for biolistic transformation 



marker genes can be employed in biolistic transformation. These include 
nptll, bar, gfp, luc, gus and regulatory genes for anthocyanin synthesis 
(Pang et al. 1996; Sheen et al. 1995; for a review see McElroy and Brettell 
1994). 




90 



Genetics 





Gai ih. ickTilKiii luhc 


1 




RrjpliiFe iltsc 





0 



M icrocamcn tiMied 
^nh DNA 






v-rnrn 

PlimtJfffi 




In crTh:ccf4jr*i cririsJufrn^Kin: 

Rfpejileii fe^ri£rati.>e from i 
fictcicifilumic kdF m onkr Id btiUiii 
4 p\m 












R>x*t 








) 









Fig. 2 Ay B. Schematic representation of biolistic transformation of plant tissue 



3 Biolistic Transformation - Pros and Cons 

Next to the Agrobacterium-mediated protocol, microprojectile bom- 
bardment has become the most utilized method for genetic transforma- 
tion of plants (AhlGoy and Duesing, 1995). Until around 1995, success 
with Agrobacterium-mediated transformation was limited to decotyle- 
donous plants (Songstad et al. 1995). Thus, typically, biolistic transfor- 
mation is chosen for plants that have been shown to be recalcitrant to 
Agrobacterium-hased transformation, primarily cereals and other 
monocotyledons, but also various dicotyledonous plants. A large num- 
ber of transgenic plants have now been constructed with the particle 
bombardment procedure, including the important crops maize 
(Gordon-Kamm et al. 1990), rice (Christou et al. 1991), wheat (Vasil et al. 
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1992), barely (Wan and Lemaux 1994; Ritala et al. 1994), soybean 
(McCabe et al. 1988), cotton (Finer and McMullen 1990) and cucumber 
(Schulze et al. 1995), as well as other economically important plants, e.g. 
white spruce (Ellis et al. 1993). The success rate of Agrobacterium-hdised 
transformation of cereals is rapidly increasing and transgenic cereal 
plants produced by this method now include rice (Hiei et al. 1994), 
maize (Ishida et al. 1996), wheat (Cheng et al. 1997) and barley (Tingay 
et al. 1997). However, biolistic transformation still remains a very impor- 
tant and powerful method for construction of transgenic cereals. An- 
other economically important monocotyledonous crop where biolistic 
transformation has proven successful is turfgrass. The turfgrass is the 
second largest seed market in the US, surpassed only by hybrid seed 
corn (Lee 1996). Biolistic transformation of turfgrass has been reported 
for several species (Hartman 1994; Lee 1996). Also for several dicotyle- 
donous crops, microprojectile bombardment still surpasses Agrobacte- 
rzwm-based protocols as a method for transformation. Examples are 
certain Eucalyptus species (Serrano et al. 1996) and sunflower (Hunold 
et al. 1995). 

One problem often encountered with biolistic transformation is the 
integration, at one and the same locus, of linked, multiple copies of the 
transgenes, frequently including rearranged vector fragments (Gordon- 
Kamm et al. 1990; Register et al. 1994; Vasil et al. 1992; Wan and Lemaux 
1994; for a review see Hansen and Chilton 1996). Since the multiple 
copies of the inserted transgenes are linked, they cannot be segregated in 
a subsequent breeding program. This phenomenon is observed also for 
Agrobacterium-ha.sed transformation. However, the integration pattern 
for transgenes using Agrobacterium is quite different from that using 
microprojectile bombardment (Chilton 1993), and the copy number of 
inserted transgenes via Agrobacterium-hdised transformation is often far 
less than using biolistic transformation (Hansen and Chilton 1996). The 
two major problems associated with integration of multiple copies of 
transgenes are often referred to as gene silencing (or transgene inactiva- 
tion) and cosuppression (Finnegan and McElroy 1994; Hansen and 
Chilton 1996). In cosuppression, not only expression of the transgene 
but also of the corresponding endogenous gene(s) is suppressed. The 
mechanisms of gene silencing and cosuppression are unknown, but 
most likely they involve interaction between transgenes and between a 
transgene and related host genes, e.g. homologous recombination 
(Finnegan and McElroy 1994; Hansen and Chilton 1996). 

Since gene silencing most commonly is associated with insertion of 
multiple copies of the transgene, methods to reduce the copy number of 
the integrated transgene would be of great value (Finnegan and McElroy 
1994). Several approaches in this direction have been made with varying 
success. An elegant, novel biolistic transformation method that reduces 
the copy number of inserted transgenes was developed by Hansen and 
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Chilton (1996), who termed their method agrolistic transformation. In 
agrolistic transformation, the vector construction contains the left and 
right border sequences of the Agrobacterium tumefaciens Ti-plasmid 
flanking the transgene. Furthermore, the Agrobacterium virulence genes 
virDl and virD2 are codelivered with the transgene. In Agrobacterium 
infection, the virulence genes are required for excision of the T-strands 
from the Ti-plasmid and the border sequences are necessary for integra- 
tion of the T-strands into the plant host genome (for a review on Agro- 
bacterium infection see Zambryski 1992). Using this technique, which 
combines the efficiency of the biolistic DNA delivery approach with the 
precision of Agrobacterium-hased transformation, Hansen and Chilton 
(1996) reported successful transformation of tobacco and maize with a 
significantly reduced number of inserted transgene copies. 



4 Biolistic Transformation of Plastid Genomes 

a) The Plastid Genome of Higher Plants 

Highly coordinated operations of the nuclear and plastid genomes are 
prerequisites for the biogenesis of plant chloroplasts. In fully developed 
chloroplasts, gene products encoded by the nucleus as well as by the 
plastid are necessary. 

Plastid genomes from 12 species have been sequenced (see Rochaix 
1997). The plastome typically exists as a circular DNA molecule with a 
size between 50 and 300 kb. The plastome sequence of green algae and 
higher plants reveals about 120 genes (Sugiura 1996). These genes can be 
divided into three groups. The first and largest group consists of genes 
for plastid genome function, such as genes encoding subunits of RNA 
polymerase, tRNAs and ribosomal proteins. The second group is formed 
by genes encoding subunits for components of the photosynthetic ma- 
chinery. It is typical for photosynthetic multisubunit enzyme complexes, 
such as photosystem (PS) I, PS II, Rubisco, the ATP synthase and the 
cytochrome b/f complex, in that they contain subunits, some of which 
are encoded by the nuclear genome and by the plastome. The third and 
smallest group of plastome genes consists of open reading frames (orf)> 
the role of which, at least in higher plants, is more or less unknown. The 
plastid genome of non-green algae expresses more variation (Reith and 
Munholland 1995). 



b) Higher Plant Chloroplast Transformation Technology 

Chloroplast transformation was first established in the green unicellular 
alga Chlamydomonas reinhardtii using the biolistic technique (Boynton 
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et al. 1988). The method was soon introduced to higher plants and to- 
bacco chloroplast transformation was reported by Svab et al. (1990). 
Since then, chloroplast transformation has provided a powerful tool for 
studies of chloroplast gene function in both Chlamydomonas and to- 
bacco. In addition to the biolistic method, tobacco chloroplast transfor- 
mation is reported also from PEG-treated protoplasts (Golds et al. 1993), 
but so far the biolistic method has been more in use. Until now, tobacco 
is the only plant specimen that has enabled the technically demanding 
chloroplast transformation. Before the development of chloroplast 
transformation, genetic engineering of many genes with a central role in 
oxygenic autotrophy was possible only in cyanobacteria (see Nixon and 
Jansson 1996). 

In the biolistic-mediated higher plant chloroplast transformation, 
DNA-coated tungsten or gold particles are delivered to leaf chloroplasts. 
While in chloroplasts, the transformation DNA is released and inte- 
grated into the plastome by homologous recombination, thus allowing 
targeted DNA surgery including insertions, deletions and site-specific 
mutagenesis. New plants are regenerated under selective pressure using 
standard tissue culture techniques from the transformed cells through 
the callus state. The plants obtained from this first regeneration are het- 
eroplasmic - they contain both transformed and wild-type plastome 
copies. A repetition of the selective regeneration starting from leaves of 
the newly regenerated plants is required for homoplasmicity, that is the 
state where the plant carries only transformed copies of the plastome 
(Maliga 1993). 

Selectable markers for tobacco chloroplast transformation confer re- 
sistance to spectinomycin, based on mutant alleles of the 16S rRNA gene 
(Svab et al. 1990) or the bacterial aadA (amino glycoside adenyl trans- 
ferase) gene (Svab and Maliga 1993). There are additionl potential mark- 
ers conferring resistance to kanamycin (Carrer et al. 1993) or lincomycin 
(Moll et al. 1990). The most versatile marker at the moment is the aadA 
gene. When this is used, tobacco cells containing transformed plastomes 
can be identified by their green colour on a white background of un- 
transformed tissue culture cells. 



c) Current Achievements of Higher Plant Chloroplast Transformation 

Higher plant chloroplast transformation has already now demonstrated 
its potential by providing insight into the role of certain plastome genes 
and the regulation of plastid gene expression in vivo. Using tobacco 
chloroplast transformation, an in vivo system to study splicing in chlo- 
roplasts was developed (Bock and Maliga 1995). A light-responsible to- 
bacco promoter was studied in vivo by using a fused reporter gene con- 
struct that was introduced into the tobacco chloroplast genome by tar- 
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geted insertion (Allison and Maliga 1995). The results reveal the com- 
plex architecture of the promoter and pointed to DNA-binding proteins 
as possible mediators in transcriptional regulation of the psbD gene en- 
coding the D2 polypeptide of PS II. A similar study revealed control of 
accumulation of the D1 polypeptide of PS II by regulatory elements 
through the untranslated region of the psbA mRNA (Staub and Maliga 
1993). A further study indicates that initiation of D1 translation in to- 
bacco is controlled via the psbA 5' untranslated region (UTR; Staub and 
Maliga 1994). 

The plastome encodes several orfs and genes, the disruption of which 
by chloroplast genetic engineering will be important in finding out their 
specific roles in higher plants. Homoplastic plants with plastid genes 
disrupted have been obtained, provided the selection and regeneration 
steps are performed on a sucrose-containing medium (Kanevski and 
Maliga 1994). If the disrupted gene is essential for plant growth and de- 
velopment, the homoplastic state is not reached and the plant remains 
heteroplasmic despite repeated regeneration cycles. 

The sprA gene disruption has resulted in homoplasmic transplas- 
tomic mutants, but the role of the gene product remains to be clarified 
(Sugita et al. 1998). Plastomes of higher plants contain several genes with 
homology to the mitochondrial NADH dehydrogenase subunit genes. 
Some of the ndh genes of tobacco plastome have been disrupted 
(Rochaix 1997 and references therein). The results from preliminary 
characterization of the mutants are in line with the proposed role of the 
ndh genes in the chlororespiratory chain. Homoplasmic deletion of the 
rpoB gene from tobacco plastids resulted in strongly reduced levels in 
plastid gene transcripts involved in photosynthesis, but plastid tran- 
scripts of the protein synthesis machinery remained at levels close to 
those in the wild type (Allison et al. 1996). Thus it was inferred that the 
residual RNA polymerase activity in the plastids of the homoplasmic 
mutants must be the result of a plastid-localized, nuclear-encoded 
enzmye. This conclusion receives support from elsewhere, i.e. the small 
plastome of the parasitic, non-photosynthetic Epifagus virginiana lacks 
E, coliAike RNA polymerase genes, and is still transcribed (Wolfe et al. 
1992). 

There is an RNA-editing system in the mitochondria and chloroplasts 
of higher plants, resulting in RNA sequences different from the corre- 
sponding DNA (Maier et al. 1996). The spinach, but not the tobacco, 
plastome-encoded psbF mRNA contains one of the chloroplast-editing 
sites. At protein levels the gene products of spinach and tobacco have 
100% identity. By plastome gene displacement, the tobacco psbF was 
replaced by the spinach gene. The heterologous editing site in psbF 
mRNA remained unmodified in tobacco, demonstrating that the ability 
to edit individual sites is not necessary maintained in another specimen 
- even if they are both dicotyledons. The transplastomic tobacco with 
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the spinach psbF gene had an obvious phenotype that revealed editing of 
the psbF mRNA as a necessary processing step. This represents the first 
conclusive proof for the biological significance of plant organellar RNA 
editing (Bock et al. 1994). 



d) Technical Problems and Future Perspectives 
of Higher Plant Chloroplast Genome Transformation 

Plant chloroplast transformation is technically difficult when compared 
to Chlamydomonas chloroplast transformation. The difficulty is based 
on several reasons: first, the genetic information in the plastome is in 
many locations desely packed, or, if there appears to be a non-infor- 
mative sequence, it might no be characterized well enough to help esti- 
mating if the insertion of a selectable marker is possible without side 
effects. Second, in a single tobacco target cell the content of up to 10 000 
plastome copies, combined with the multicellular organization of plants, 
lowers the efficiency of selection for transformants as compared to the 
more simple organization of Chlamydomonas (see Rochaix 1995). Third, 
only plant species with tissue culture techniques optimized for plant 
regeneration can be directly considered as candidates for chloroplast 
transformation. 

During the selection period, the transforming DNA should end up in 
all the plastome copies in plastids thorough the plant. The selection 
takes place at the same time with the regeneration of the plant from cal- 
lus. The whole process is time-consuming, and the conditions should 
remain strictly optimal. In addition, a drawback in utilization of higher 
plant chloroplast transformation is that it is not possible to apply it di- 
rectly to economically important plants. However, the potential of 
higher plant plastid transformation is now becoming realized and, 
clearly, in spite of problems, it is not possible to replace recombinant 
DNA studies of higher plant plastome by Chlamydomonas or by cyano- 
bacteria, especially not when tissue- specific expression of genes or mo- 
lecular mechanisms of plant stress tolerance is the aim of the study. 

One possible means to generate a more simple system for plastid 
transformation is reduction of the plastome copy number per cell. This 
reduction can be achieved by treatment with chloroplast DNA synthesis 
inhibitors nalidixic acid and novobiocin (Ye and Sayre 1990). Also nu- 
clear-reduced chloroplast number mutants (arc) of Arabidopsis (Pyke 
and Leech 1992) may provide potential starting material for plastid 
transformation because of the extremely low number of chloroplasts per 
cell. In a cell with possibly only one chloroplast, the transforming DNA 
has only to be introduced into all the plastome copies in the single chlo- 
roplast rather than in over 100 separate chloroplasts per cell, as is the 
case in tobacco. It can be expected that chloroplast transformation in the 
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future will help to broaden our understanding of higher plant chloro- 
plast biochemistry as well as enabling plastome manipulation in com- 
mercially important ways. Concerning higher plants, a topic of particu- 
lar interest is how chloroplast metabolism is regulated by environmental 
conditions. 
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Extranuclear Inheritance: 

Genetics and Biogenesis of Mitochondria 

By Thomas Lisowsky, Karlheinz Esser, Torsten Stein, Elke Pratje, 
and Georg Michaelis 



1 Introduction 

This chapter is a continuation of our previous articles in this series 
(Bauerfeind et al. 1997; Riemen et al. 1993). Research activities and prog- 
ress in the field of mitochondrial genetics, mitochondrial biogenesis and 
nuclear-mitochondrial interactions refer to the complete sequence of 
new mitochondrial genomes, transcription of mitochondrial DNA, proc- 
essing, editing, and stability of mitochondrial RNA, the import of pro- 
teins and RNA, and the characterization of many nuclear genes required 
for mitochondrial biogenesis. Three topics have been selected to be re- 
viewed here. (1) The complete sequence of the mitochondrial genome of 
Arabidopsis thaliana will be discussed in the section on mitochondrial 
genomes. The mitochondrial DNA of the flagellate Reclinomonas ameri- 
cana may represent a very ancient type of mitochondrial genome and is 
much more eubacterial-like than any other mitochondrial DNA analyzed 
so far. (2) For several years, laboratories have been searching for genes 
encoding plant organelle RNA polymerases. Recently, the sequence of 
the first genes were published and are reviewed here. (3) The identifica- 
tion of a nuclear gene restoring cytoplasmic male sterility is another 
remarkable result that will be discussed. 

For additional topics the reader is referred to the following reviews or articles on mito- 
chondrial inheritance in filamentous fungi (Griffiths 1996) or mammals (Lightowlers et 
al. 1997), red algae and evolution of mtDNA (Leblanc et al. 1997), evolution of mito- 
chondrial introns and exons (Laroche et al. 1997), migration of nucleic acids between 
chloroplasts, mitochondria and the nucleus (Thorsness and Weber 1996), structure of the 
mitochondrial DNA (Backert et al. 1997; Bendich 1996), genome organization (Janska 
and Woloszynska 1997), mitochondrial DNA maintenance in vertebrates (Shadel and 
Clayton 1997), regulation of organelle biogenesis (Nunnari and Walter 1996), RNA edit- 
ing and translation of partial edited transcripts (Blanc et al. 1996; Hanson 1996), scram- 
bled ribosomal RNA genes in green algae (Nedelcu 1997), protein import into fungal and 
mammalian mitochondria (Haucke and Schatz 1997; Neupert 1997; Pfanner et al. 1997; 
Ryan et al. 1997; Stuart and Neupert 1996; Suzuki et al. 1997; several articles in the Jour- 
nal of Bioenergetics and Biomembranes 29, pp 3-54, 1997) and into plant mitochondria 
(Braun and Schmitz 1997; Silva Filho et al. 1996; Whelan and Glaser 1997), ageing 
(Gershon 1997; Ozawa 1997a; Wallace 1997), and mitochondria and apoptosis (Ozawa 
1997b). 
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2 Mitochondrial Genomes 

a) Arabidopsis thaliana 

The complete DNA sequences of mitochondrial (mt) genomes from the 
red alga Chondrus crispusy the green algae Chlamydomonas reinhardtii 
and Prototheca wickerhamii and the liverwort Marchantia polymorpha 
were reviewed in previous volumes of Progress in Botany (Bauerfeind et 
al. 1997; Riemen et al. 1993). In the meantime, the first complete mt 
genome of a higher plant was determined (Unseld et al. 1997). The 
367-kb mt genome of Arabidopsis thaliana is of medium size compared 
to the values of higher plant mtDNA: 180 kb for Brassica hirta to 2400 kb 
for muskmelon. The Arabidopsis mtDNA is about twice as large as that 
of Marchantia polymorpha although the gene content is similar (Table 
1). The 57 genes of Arabidopsis mtDNA are arranged on both strands 
with a calculated gene density of about one gene per 8 kb. 

A. thaliana mtDNA encodes 3 rRNA genes for 26S, 18S and 5S rRNA. 
The 5S rRNA gene is described for land plants and the green alga Pro- 
totheca wickerhamiiy but is absent from all animal mt genomes analyzed 
so far. The 22 predicted tRNA genes of Arabidopsis are not sufficient to 
read all codons. The tRNAs for six amino acids have to be imported 
from the cytosol. Import of tRNAs into mitochondria is known from 
several flowering plants. The number and types of imported tRNAs vary 
considerably between different plant species (Kumar et al. 1996). In 
Marchantia, all except one (the isoleucine tRNA^^^) are mitochondrially 
encoded (Akashi et al. 1996), whereas in the green alga Chlamydomonas 
reinhardtii only three tRNA genes are present on the mt genome. 

The protein encoding information of Arabidopsis mtDNA is similar to 
that of the liverwort (Table 1). Differences include (1) nad7, a pseu- 
dogene in Marchantia but a functional gene in Arabidopsis; (2) rpsl4 
and rpsl9, which seem to be pseudogenes in Arabidopsis; (3) genes en- 
coding subunits of the succinate dehydrogenase complex which are ab- 
sent from the higher plant mt genome, and (4) genes for ribosomal pro- 
teins, 7 of which are encoded by Arabidopsis mtDNA and 16 by Mar- 
chantia mtDNA. 

Twenty three introns are found in protein coding genes of Arabidop- 
sis. Eighteen of these introns are c/s-splicing, and five introns in nadl, 
nad2 and nad5 are of the trans-splicing type. The evolution of trans- 
splicing plant introns was analyzed by Malek et al. (1997). The nad2 and 
nad5 genes of the ferns Asplenium nidus and Marsilea drummondii 
contain cfs-splicing introns in contrast to their counterpart in higher 
plants. Only one intron of Arabidopsis carries a maturase-like reading 
frame. In Marchantia 10 open reading frames are present in 32 introns. 

Mitochondrial DNA of higher plants contains repeats and sequences 
originating from either plastids or the nucleus. In Arabidopsis two large 




Table 1. Comparison of the coding information in mitochondrial DNA from various organisms 

Reclinomonas Chondrus Chlamydomonas Prototheka Marchantia Arabidopsis Homo 

americana crispus reinhardtii wickerhamii polymorpha thaliana sapiens 
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identical direct repeated sequences seem to be responsible for frequent 
recombination and the occurrence of two subgenomic circles. These 2 
large and 144 small repeats contribute to about 7% of the entire mt 
genome. 

Sequences with homology to plastid DNA comprise about 1% of the 
Arabidopsis mt genome. These sequences include fragments from the 
psbD, rbcL and ndhB genes. Plastid sequences in mitochondria are 
thought to be non-functional with the exception of the tRNA genes. 
However, the utilization of a chloroplast-derived sequence was reported 
to act as promoter element for the nad9 gene in rice mitochondria 
(Nakazono et al. 1996). 

About 4% of the Arabidopsis mt genome seems to originate from nu- 
clear DNA. These sequences show homology to retrotransposons like 
copia, gypsy and LINE (Knoop et al. 1996). So far, the identified Arabi- 
dopsis genes can account for only 10% of the complete mt genome. Pu- 
tative open reading frames, introns, duplications and integrated se- 
quences from plastid or nuclear origin represent about 30% of the 
mtDNA, leaving 60% with unknown functions. Open reading frames or 
similarities to known nucleotide or protein sequences were undetectable 
in these 60% of the mt genome. 

Although the complete DNA sequence of the Arabidopsis mt genome 
has been determined, its final coding information has to be verified by 
comparison with cDNA sequences because of extensive RNA editing. In 
trypanosomes the specificity for RNA editing is provided by guide RNAs 
(gRNA). Evidence for gRNAs in plant mitochondria is lacking so far, but 
as soon as the edited Arabidopsis mt sequences are known, a search for 
gRNA sequences can be started in the complete mt genome. On the other 
hand, in chloroplasts of the hornwort Anthoceros formosa editing sites 
seem to be selected by the two-dimensional RNA structure (Yoshinaga et 
al. 1997). In this moss, a sequence complementary to every editing site 
exists within the respective RNA molecules, which suggests that mispair- 
ing acts as a signal for editing. It is not known whether such a mecha- 
nism exists in higher plant mitochondria. 

The biochemical mechanism of editing differs between mitochondria 
of higher plants and trypanosomes (reviewed by Bauerfeind et al. 1997; 
Gray 1996; Stuart et al. 1997). In plants, RNA editing involves a deami- 
nation from cytosine to uridine and to some extent uridine to cytosine 
changes, whereas in trypanosomes uridines are inserted or deleted. An 
enzyme complex which catalyzes the editing reaction has been isolated 
from trypanosomes (Rusche et al. 1997). This enzyme complex consists 
of an endo- and exonuclease, terminal uridylyl transferase and RNA 
ligase. 
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b) Reclinomonas americana 

The complete DNA sequence of the mt genome from the heterotrophic 
flagellate Reclinomonas americana revealed several surprising features 
(Lang et al. 1997). The 69-kb mtDNA of this freshwater protozoon is 
much more eubacterial-like than any other mt genome analyzed so far 
and seems to resemble the endosymbiotic progenitor. It contains 97 
genes, significantly more than the 67 mt genes in Marchantia polymor- 
pha, 57 in Arabidopsis thaliana, 37 in human or 13 in Chlamydomonas 
reinhardtii (Table 1). 

In addition to the protein-coding genes previously found in various 
mtDNAs, 18 genes are unique to the Reclinomonas mt genome. These 
new genes encode additional 9 proteins of the mitochondrial ribosome, 1 
subunit of the ATP synthetase (atp3) and a new component with a func- 
tion for cytochrome c biogenesis. Genes for cytochrome oxidase assem- 
bly {coxll)y protein transport (secY), a translation factor (tufA), and four 
components for an eubacterial-like RNA polymerase (rpoA-D) are the 
first examples described for a mt genome. 

The presence of bacterial-like rpo genes is of special interest because 
such genes were thought to be lost early in evolution. Only nuclear- 
encoded bacteriophage-like RNA polymerases could be identified in 
mitochondria so far (see Sect. 3 on mitochondrial transcription below). 

All bacteria contain a Sec-dependent protein export pathway, but 
such a pathway seems to be absent from mitochondria analyzed so far. 
Sec homologous genes were undetectable in the complete genome of 
Saccharomyces cerevisiae (Click and von Heijne 1996), suggesting a loss 
of this original endosymbiotic trait. In yeast, the nuclear gene 
PET 1402/0^^1 functions in protein export from the mitochondrial ma- 
trix across the mitochondrial inner membrane (Bauer et al. 1994; Bonne- 
foy et al. 1994; He and Fox 1997; Hell et al. 1997; Herrmann et al. 1997; 
Meyer et al. 1997a). Mutations in the PET1402/OXA1 gene induce the 
accumulation of the precursor of cytochrome oxidase subunit II (Cox2) 
in the mitochondrial matrix (He and Fox 1997; Hell et al. 1997) and af- 
fect the assembly and activity of the ATP synthetase (Altamura et al. 
1996) and cytochrome bc^ (Meyer et al. 1997b) complexes. A homolo- 
gous nuclear gene was recently identified from Arabidopsis thaliana 
(Hamel et al. 1997), suggesting a similar pathway in higher plant mito- 
chondria. Whether components like the inner membrane peptidase 
Impl/Imp2 and the small Soml protein of yeast are directly involved in 
a general export pathway has to be shown (Bauerfeind et al. 1998; Esser 
et al. 1996; Nunnari et al. 1993; Pratje et al. 1994, 1997). The presence of a 
secY gene in Reclinomonas mitochondria supports the ancient trait for 
this flagellate. 

The translation factor tufA is another example for the eubacterial-like 
character of Reclinomonas mtDNA. A tufA gene is not present in the 
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mtDNA of any other organism studied so far. The Reclinomonas gene 
maps upstream of the rpslO gene as in E. coll A gene organization com- 
parable to that of E. colt includes several mitochondrial Reclinomonas 
gene clusters, such as genes encoding subunits of the NADH dehydroge- 
nase, succinate dehydrogenase, or cytochrome c biogenesis. 

Other eubacterial characters refer to the possible ribosome binding 
sites at the 5’ end of Reclinomonas mitochondrial mRNAs, the presence 
of a prokaryotic-type gene encoding the RNA component of RNase P, 
and the absence of RNA editing. 

The 26 tRNA species of Reclinomonas have the potential to read all 
codons used with the exception of the ACN (threonine) codon family. 

In summary, the mt genome of Reclinomonas seems to be the most 
original studied so far and its gene content, organization and expression 
resemble more closely the ancestral protomitochondrial genome than 
any other mt genome characterized at present. 



3 Mitochondrial Transcription 

Mitochondria contain an unusual transcription apparatus (Clayton 
1996). The core enzyme for RNA polymerase in most of the investigated 
eukaryotic organisms is a large single subunit protein of the bacterio- 
phage SP6/T7-type (Masters et al. 1987). In contrast to the bacteriophage 
enzymes, the mitochondrial RNA polymerases depend on additional 
factors for correct initiation of RNA synthesis at the promoter (Schinkel 
et al. 1987; Lisowsky and Michaelis 1988; Shadel and Clayton 1993, 
1995). All these proteins are encoded by nuclear genes and imported 
into mitochondria after translation of the respective messenger RNAs in 
the cytosol. The number and type of additional transcription factors 
(Tracy and Stern 1995) that are necessary for regulated expression of 
specific mitochondrial genes are still open questions. These factors are 
also important for the problem of species specificity of mitochondrial 
transcription (Fisher et al. 1989; Bauerfeind et al. 1997). 

In the most recent review in this series on mitochondrial transcrip- 
tion (Bauerfeind et al. 1997), the major point was the universal picture 
that emerged for the mitochondrial transcription apparatus of the eu- 
karyotic cell (Clayton 1996). During the past year, decisive progress has 
been made concerning elucidation of the evolution of the peculiar mito- 
chondrial transcription system with the bacteriophage-type core enzyme 
of RNA polymerase that exists in most of the present eukaryotic species 
(Cermakian et al. 1996; Gray and Lang 1998). 

Another important finding is the identification of different genes for 
bacteriophage-type core enzymes in the nuclear genome of the higher 
plant Arabidopsis thaliana (Hedtke et al. 1997) and experimental verifi- 
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cation that the respective proteins are imported into either mitochon- 
dria or chloroplasts (Gray and Lang 1998). 



a) Evolution of the Mitochondrial Transcription Apparatus 

One highlight of the latest research on the evolution of mitochondria is 
the finding that the mitochondrial genome of the protozoon Reclino- 
monas americana (see Sect. 2) closely resembles the ancient situation of 
the former endosymbiont that later developed into the present mito- 
chondrial organelles (Lang et al. 1997). This is the first time that genes 
have been identified on a mitochondrial genome that encode eubacterial 
transcription components typical for present prokaryotes like Esch- 
erichia coli (Palmer 1997). Up to now all the other eukaryotes investi- 
gated have had a nuclear-encoded RNA polymerase of the bacterio- 
phage-type as core enzyme for mitochondrial gene expression (Cerma- 
kian et al. 1996). This allows us to draw a new detailed model for the 
evolution of the mitochondrial transcription apparatus in the eukaryotic 




Fig. 1. Model for the evolution of the mitochondrial transcription apparatus, from an 
eubacterial transcription machinery to a bacteriophage-type single subunit core enzyme. 
In the ancient endosymbiosis between the eukaryotic cell and the endosymbiont which 
developed into mitochondria, the genome of the ancestral endosymbiont encoded typical 
eubacterial genes {rpoA, B, C and D) for transcription of its own DNA. During evolution, 
these genes were completely eliminated from nearly all existing mitochondrial genomes 
after the integration of the gene for a bacteriophage-type RNA polymerase into one of the 
chromosomes of the nucleus. The source of the gene copy for this enzyme is still un- 
known today. The protozoon Reclinomonas americana is the first living representative 
that still exhibits the ancestral proto-mitochondrial genome organization and encodes 
functional subunits of the eubacterial RNA polymerase on its residual mitochondrial 
genome (Lang et al. 1997) 
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cell. According to this model, the ancestral eubacterial organism that 
represents the endosymbiont for the evolution of present mitochondria 
brought the eubacterial transcription machinery into the eukaryotic cell. 
After integration of a gene copy for the bacteriophage-type RNA po- 
lymerase subunit into the nuclear genome, this enzyme took over the 
transcription of the organelle genes. After this event, the eubacterial 
gene copies were eliminated from the mitochondrial genome. The origin 
of the gene copy for the bacteriophage-type enzyme is still an open 
question. It could have been introduced into the cell by the endosymbi- 
ont or by other independent genetic elements that arrived in the eu- 
karyotic cell at a later time point. Independent of the origin of this gene, 
the respective reading frame had to obtain an extension coding for the 
mitochondrial targeting sequence which directs the protein to the or- 
ganelles. The major consequences for the latest model of mitochondrial 
evolution is shown in Fig. 1. 



b) Bacteriophage-Type Core Enzymes in Mitochondria and Plastids 
of Higher Plants 

The second, very important finding is the identification of two nuclear 
copies for bacteriophage-type core enzymes in the higher plant Arabi- 
dopsis thaliana (Hedtke et al. 1997). The genomic sequences of the genes 
demonstrate that the two genes have nearly identical intron-exon struc- 
tures and therefore have been created by gene duplication. The related 
proteins also exhibit a high degree of identical amino acids over the en- 
tire length of the proteins with the exception of the amino terminus. One 
of the proteins has a targeting sequence typical for mitochondria and the 
other leader sequence is characteristic for plastids. The different loca- 
tions of the two polymerases have been proven experimentally by in 
vitro import studies with isolated organelles (Hedtke et al. 1997). It is of 
special interest that just recently a third gene for a bacteriophage-type 
core enzyme has been identified in Arabidopsis thaliana (A. Weihe, pers. 
comm.; Sanchez and Schuster, GeneBank Acc. No. AJ001037). The 
amino terminal extension of this protein gives no conclusive evidence 
whether this polymerase is imported into mitochondria, plastids or even 
both organelles. The latest data for organelle transcription in the higher 
plant Arabidopsis thaliana are summarized in Fig. 2. The different core 
enzymes in higher plants could be used for tissue- and development- 
specific expression of the genetic information in the organelles (Stern et 
al. 1997). 
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Fig. 2. Genes for bacteriophage-type RNA polymerases and eubacterial subunits for 
transcription in the higher plant Arabidopsis thaliana. In the nucleus of this species the 
latest research identified two genes encoding bacteriophage-type core enzymes for RNA 
polymerase (Hedtke et al. 1997). One gene encodes the mitochondrial RNA polymerase 
(mtRNPp)y another a plastid version of this enzyme (ptRNPp). A third gene copy {RNP3) 
of a bacteriophage-type RNA polymerase has just been identified (Weihe, pers. comm.; 
Sanchez and Schuster, GeneBank Acc. No. AJ001037) and the related gene product may 
be imported into mitochondria or plastids or even both organelles. The question marks 
(?) indicate that experimental evidence for the precise localization of RNP3p is still 
missing. The nuclear enzymes all have to be transcribed in the nucleus, translated into 
protein (p) in the cytosol and imported into the specific organelles. The plastid genome 
contains four genes {rpoA, B, Cl, C2) which code for eubacterial subunits of RNA po- 
lymerase and which give this organelle a limited autonomy for transcription of plastid 
DNA (Stern et al. 1997) 



c) Structural Features of the Core Enzymes 

The growing number of complete nuclear gene sequences for the mito- 
chondrial core enzymes from different species from plants (Hedtke et al. 
1997) to humans (Tiranti et al. 1997) allows a first detailed comparison 
to identify common elements and differences important for function 
(see Fig. 3). All the currently available protein sequences of the core en- 
zymes demonstrate the presence of eight conserved domains that are 
also found in the bacteriophage SP6/T7 RNA polymerases. The amino 
terminal regions, on the other hand, exhibit extraordinarily high degrees 
of length and sequence variations. The first amino acids of the organelle 
enzymes represent the targeting sequences. There is first evidence that 
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Fig. 3. Domain structure and special features of the bacteriophage-type RNA polymerase 
enzymes (RNPp) from species of which the complete DNA sequence of the genes and the 
derived amino acid sequences are now available. The enzymes for mitochondria (mt) or 
plastids (pt) have been aligned with the single subunit proteins for bacteriophages SP6 or 
T7. Eight conserved sequence blocks found in all enzymes are marked by black boxes. 
Dashed lines mark the position of the borders of the highly conserved sequences in the 
different proteins. The lengths of the proteins are given by the numbers at the end of the 
related box. The amino -terminal parts of the proteins exhibit a very high degree of se- 
quence and length variations, sc Saccharomyces cerevisiae; nc Neurospora crassa; sp 
Schizosaccharomyes pombe; hu human; ca Chenopodium album; at Arabidopsis thaliana; 
RNP3 third RNA polymerase of the bacteriophage-type found in Arabidopsis thaliana; T7 
bacteriophage T7; SP6 bacteriophage SP6 

the leader sequences in these enzymes are longer than for other mito- 
chondrial proteins. For the yeast enzyme a leader sequence of more than 
100 amino acid residues is predicted. The same is true for the core en- 
zymes from Arabidopsis thaliana (A. Weihe, pers. comm.), but the pre- 
sumptive long leader sequences alone cannot explain the high variations 
in these regions, like for example the extension in the up to now largest 
protein of Neurospora crassa with 1422 amino acid residues (Chen et al. 
1996). This protein is more than 400 amino acids longer than the plant 
enzymes. The fact that also domains with no sequence similarities at all 
exist in these regions hints at a special functional role of the amino ter- 
minus. Even after the presumable cleavage of a larger leader sequence 
and import into the organelles there are still long amino terminal exten- 
sions present which have no sequence similarities with other core en- 
zymes. The species-specific differences and variations in these regions 
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could be important for species-specific expression of different promoter 
elements on the mitochondrial or plastid genomes and could play a 
critical role in the interactions with the related specificity factors for 
transcription (Bauerfeind et al. 1997), 

The alignment for the conserved regions of the bacteriophage core 
enzymes allows the grouping into three classes represented by bacterio- 
phage, linear plasmid and organelle (mitochondrial and plastid) en- 
zymes. A new mutation in the yeast RP041 gene for the mitochondrial 
core enzyme gives additional functional evidence for this grouping (see 
Fig. 4). Determination of the changed amino acid that is responsible for 
the mutant phenotype (Lisowsky et al. 1996) identifies a serine residue 
next to a conserved histidine. This special pair of amino acids is found 
only in mitochondrial or plastid core enzymes for RNA polymerase but 
not in the linear plasmid or bacteriophage enzymes. The two mutants of 
yeast mitochondrial RNA polymerase give thereby valuable insights into 
the functional similarities and differences of the core enzymes. Up to 
now there are no other mutants for the organelle enzymes, as it proved 
to be very difficult to manipulate the DNA sequences of the related 
reading frames in vitro because special regions are very sensitive to er- 
rors occurring upon replication. This phenomenon seems to be a general 
characteristic of all the gene sequences (Lisowsky et al. 1996; D. A. 
Clayton, D. Lonsdale, A. Weihe, pers. comm.). 



d) Perspectives and New Problems 

The surprising new insights into the evolution of the organelle tran- 
scription system raises the new question concerning the origin of the 
bacteriophage-type core enzyme. It will be necessary to investigate fur- 
ther ancient protozoa in order to reconstruct in more detail the different 
steps during the adaptation of the eubacterial transcription machinery 
to the bacteriophage core enzyme. For the core enzyme one of the im- 
portant functional aspects is the involvement of the long amino-terminal 
extension and its interaction with possible additional transcription fac- 
tors. In this respect, it is necessary to identify mitochondrial specificity 
factors for transcription from species other than yeasts (Carrodeguas et 
al. 1997). The different forms of the bacteriophage-type core enzymes 
that exist in higher plants hint at a possible role of regulation of organ- 
elle gene expression in response to differentiation and development. 
This problem can now be addressed experimentally in Arabidopsis. The 
close relation of the mitochondrial and plastid transcription machinery 
in higher plants also raises the question of regulatory mechanisms in the 
cross-talk between mitochondria, plastids and the nucleus. 
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4 Nuclear Restorer Genes of Cytoplasmic Male Sterility (CMS) 

Cytoplasmic male sterility (CMS) is a defect that prevents the produc- 
tion of functional pollen without interfering with female fertility. The 
trait has been reported to occur in about 140 plant species (Wise et al. 
1996) and is used for hybrid seed production of several cultivated plants. 
CMS is maternally inherited and results from the expression of unusual 
or aberrant mitochondrial genes. Different CMS systems in Zea mays, 
Sorghum, Brassica, Petunia, Nicotiana, Plantago, and Helianthus are 
fairly well characterized. The mechanisms of CMS and pollen fertility 
restoration by nuclear restorer genes offer the possibility to investigate 
the role of nuclear genes in mitochondrial gene expression during a 
special differentiation step. In this section recent progress in the charac- 
terization of nuclear CMS restorer genes will be summarized. 

CMS and restoration of the fertile phenotype by nuclear genes is best 
characterized for the maize T-cytoplasm (Cui et al. 1996). Mitochondrial 
DNA of sterile plants contains the chimeric gene T-urfl3, which is the 
result of a recombination event and encodes a protein that is localized in 
the mitochondrial inner membrane and is correlated with male sterility. 
Male sterile plants accumulate T-urfl3 transcripts. Restoration can be 
achieved by mutations in the T-urfl3 region or defined alleles of nuclear 
Rf genes (restorers of fertility). Using transposon tagging, Wise et al. 
(1996) generated mutated Rfl alleles and analyzed their effect on T-urfl3 
transcripts. The authors concluded that the Rfl gene product is not in- 
volved in transcriptional regulation, but alters T-urfl3 RNA processing, 
in this way leading to trans-inhibition of translation of the truncated 
RNA. The tagging assay also resulted in the cloning of the first nuclear 
restorer gene, Rf2 (Cui et al. 1996), which codes for a putative mito- 
chondrial aldehyde dehydrogenase. As a possible mechanism of fertility 
restoration by this enzyme, the authors discuss a detoxification reaction. 



Fig. 4. Three distinct classes of bacteriophage-type RNA polymerases. The upper part of 
the figure represents the yeast mitochondrial RNA polymerase. Black boxes mark the 
eight conserved domains and arrows indicate the position of the mutation pet798 and G8. 
The mutation pet798 is located in a conserved domain whereas the recently described G8 
mutation is of special interest as it identifies a functionally important serine residue next 
to a conserved histidine (black arrow and black box). These two amino acids are con- 
served only in mitochondrial or plastid RNA polymerase core enzymes. Comparison of 
the domains and the conserved amino acids allows the classification of the bacterio- 
phage-type enzymes into three groups. The RNA polymerases (RNPp) from organelles 
[mitochondria (mt) or plastids (pt)], phages and linear plasmids are aligned for the 
functionally important and conserved domains IV and V. sc Saccharomyces cerevisiae; 
nc Neurospora crassa; hu human; at Arabidopsis thaliana; T7 bacteriophage T7; T3 bac- 
teriophage T3; SP6 bacteriophage SP6; PAL21 linear mitochondrial plasmid from 
Podospora anserina; PCLKl linear mitochondrial plasmid from Claviceps purpurea; 
PCLT5 linear mitochondrial plasmid from Claviceps purpurea. For a complete list of the 
respective sequence accession numbers see Lisowsky et al. (1996) 
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a role in energy metabolism, or a direct or indirect interaction with the 
T-urfl3 protein. The Rf8 gene, a recently described third restorer, has 
the ability to replace Rfl partially and, like Rfl, leads to accumulation of 
an aberrant T-urfl3 transcript (Dill et al. 1997). Another weak restorer 
identified in this work is also associated with slightly changed T-urfl3 
RNAs and was designated RP, because its allelic identity was not tested. 
Transcript mapping identified the conserved motif 5’-CNACNNU-3’, 
included in the 5’ end of all Rfl, Rf8, and RP associated T-urf 13- 
transcripts. This motif might be important for T-urf 13 expression and is 
also conserved in Rf3-associated orfl07 transcripts of CMS Sorghum. 
The analysis of the Rf genes reveals, that cms-T restoration in maize can 
be mediated by multiple unlinked nuclear genes that directly or indi- 
rectly cause posttranscriptional modifications of T-urfl3 transcripts. 

Recent work on fertility restoration has also been published for another CMS system of 
maize, cms-S (Zabala et al. 1997), for sterile Sorghum (Tang et al. 1996; Howad and 
Kempken 1997), the Polima (pol) CMS of Brassica napus (Jean et al. 1997; Singh et al. 
1996), and the Ogura CMS of Brassica (Bellaoui et al. 1997). The work of de Haan et al. 
(1997) demonstrates that CMS and restorer genes are not an invention of plant breeders 
but occur in nature. The authors analyzed genetically the frequency and mode of action 
of nuclear restorer genes in natural populations of Plantago lanceolata. Several dominant 
and recessive acting restorer genes for three different CMS types illustrate the complex 
situation found in natural populations of this plant species. 
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Genetics of Phytopathology: 
Phytopathogenic Bacteria 

By Holger Jahr, Rainer Bahro, and Rudolf Eichenlaub 



1 Introduction 

In this chapter we will cover the exopolysaccharides (EPS) and plant cell 
wall- degrading enzymes of phytopathogenic bacteria as a follow up on 
our previous review (Bahro et al. 1996). Historically, the excretion of 
these components by phytopathogenic bacteria has been discussed as an 
important factor in disease development. It seems quite obvious that a 
vascular pathogen, producing large amounts of highly viscous EPS, can 
block xylem vessels and thus cause infected plants to wilt. On the other 
hand, extracellular bacterial enzymes attacking the plant cell wall may 
lead to maceration of plant tissue and result in soft rot symptoms in 
diseased plants. 

With the advent of molecular genetics in plant pathology it became 
possible to address the question whether EPS and extracellular enzymes 
are really crucial pathogenicity factors. Genetic studies, especially the 
isolation of mutants affecting the biosynthesis of these components, 
showed that this seems to be the case only in some systems, while in 
other cases the disease is the result of various synergistically acting 
pathogenicity factors. In the sections below, EPS of some selected bacte- 
ria will be addressed, followed by the description of some cell wall- 
degrading enzymes for which involvement in pathogenicity has been 
demonstrated. 



2 Extracellular Polysaccharides (EPS) 
a) General Remarks 

Exopolysaccharides (EPS) are known to be excreted by many genera of 
bacteria as part of the extracellular matrix (Sutherland 1988; Leigh and 
Coplin 1992). EPS are present either in form of a capsule covalently 
bound to the bacterial cell envelope or as a loosely associated slime, 
which can be released into the environment. Due to their special prop- 
erties, EPS are thought to enable bacteria to colonize special habitats 



Progress in Botany, Vol. 60 
© Springer- Verlag Berlin Heidelberg 1999 




120 



Genetics 



(Ferris and Beveridge 1985; Costerton et al. 1987). Virtually all plant- 
pathogenic and associative bacteria produce large amounts of EPS in 
culture and also in their host plant, and thus it was suggested that pro- 
duction of EPS is an essential factor in pathogenic or symbiotic interac- 
tions of bacteria with plants (Van Alfen 1989; Coplin and Cook 1990; 
Leigh and Coplin 1992, Denny 1995). 

In this review the role of the EPS in the symbiotic RhizobiumAegumes 
and the tumor-generating Agrobacterium-plemt interaction will not be 
addressed. For these topics the reader is referred to reviews by Leigh 
Walker (1994) and Denny (1995), respectively. 

Chemically, EPS molecules are either homo- or heteropolymers with a 
complex structure. Most of these macromolecules are acidic heteropoly- 
saccharides with high molecular weights consisting of repeating units 
containing neutral sugars and uronic acids. In addition, the long sugar 
chains formed by these repeating units are usually branched. Common 
side groups, linked to the sugar chains by ester bonds are pyruvate, suc- 
cinate, and acetate (Leigh and Coplin 1992; Denny 1995). Synthesis of 
EPS is regulated and affected by environmental factors and growth stage. 
Due to the hydrophilic and anionic properties, EPS determine multiple 
and important biological functions. EPS may generate a water-saturated 
matrix around the bacteria as a protection against desiccation, deter- 
gents, and hydrophobic polypeptide antibiotics due to a prevention of 
contact with the hydrophobic molecules of the cell membrane (Leigh 
and Coplin 1992). Furthermore, it enables free-living bacteria to adhere 
to abiotic or biological surfaces, where higher concentrations of nutri- 
ents maybe found (Costerton et al. 1987). 

The acidic EPS produced by many plant pathogens can act as an ion 
exchanger concentrating minerals and nutrients, or binding toxic com- 
pounds (Norberg and Persson 1984; Coplin and Majerczak 1990). EPS 
may also promote infection and colonization and enhance survival of 
bacteria within the host tissue, which is necessary for the development of 
disease symptoms (Tharaud et al. 1994; Bermpohl et al. 1996; Saile et al. 
1997). Thus, EPS production is often positively correlated with virulence 
of phytopathogenic bacteria and EPS' mutants of several plant patho- 
gens have been shown to exhibit a reduced virulence. Capsules and slime 
may prevent recognition of the pathogen by the plant defence system 
and block agglutinins or lectins and detoxify^ phytoalexins or reactive 
oxygen species (Bradshow-Rouse et al. 1981; Romeiro et al. 1981; Young 
and Sequeira 1986; Kiraly et al. 1997). 

The biosynthetic pathways for EPS are very complex and bacteria of- 
ten produce more than one kind of EPS. The genes for EPS production 
are generally clustered and in some cases EPS synthesis seems to be co- 
ordinated with the expression of other virulence factors. Expression of 
EPS synthesis genes is modulated both positively and negatively by a 
complex, hierarchical regulatory network consisting of cell density- 
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dependent autoinduction, two-component regulatory systems, and 
transcriptional activators. 

In the following paragraphs we will focus on well-studied, vascular 
plant pathogens, like Ralstonia (Pseudomonas) solanacearum, Erwinia 
sp., Xanthomonas campestris pv. campestris and Clavibacter michi- 
ganensis subsp. michiganensis. In these systems sufficient data have 
been accumulated to allow discussion of possible functions of the EPS in 
pathogenesis. 



b) Erwinia amylovora 

The Gram-negative bacterium Erwinia amylovora causes fire blight on 
apple and pear trees and other rosaceous plants (Aldwinckle and Beer 
1979). E. amylovora produces the homopolysaccharide levan and the 
acidic heteropolysaccharide amylovoran (Steinberger and Beer 1988; 
Ayers et al. 1979), with the formation of amylovoran being required for 
pathogenicity (Bennet and Billing 1978; Bellemann and Geider 1992; 
Bernhard et al. 1993b; Tharaud et al. 1994). Amylovoran is composed of 
a pentasaccharide repeating unit of four differently linked galactose 
molecules and a glucuronic acid residue which are decorated with pyru- 
vate and acetate groups (Smith et al. 1990; Nimtz et al. 1996). The en- 
zymes for amylovoran synthesis are encoded by the ams (amylovoran 
synthesis) operon (Bernhard et al. 1993b) consisting of 12 genes (amsK- 
L). The operon is expressed from a single RcsA/B-regulated promoter in 
front of amsG (Burgert and Geider 1995). RcsA and RcsB are transcrip- 
tional activator proteins of the LuxR type (Coleman et al. 1990; Stout et 
al. 1991; Bereswill and Geider 1997). RcsB and another protein RcsC 
constitute a two-component regulatory system (Bernhard et al. 1990; 
Stout 1994; Bereswill and Geider 1997). The regulation of EPS synthesis 
by the res genes is a common system among enterobacteria (Chatterjee 
et al. 1990; Leigh and Coplin 1992). The current model described below 
is based on regulation of colanic acid synthesis in E, coli (Gottesman and 
Stout 1991). 

RcsC is suggested to be an environmental sensor protein of the ITR class located in the 
cytoplasmatic membrane which activates RcsB by phosphorylation (Stout and Gottes- 
man 1990; Parkinson and Kofoid 1992; Stout 1994). In the phosphorylated state, RcsB 
forms a dimer and activates transcription of the ams genes. Regardless of the state of 
phosphorylation, RcsB can alternatively form a heterodimer with RcsA, also activating 
transcription. Since RcsA is subjected to rapid degradation by Ion protease (Eastgate et 
al. 1995), expression of the ams genes depends either on RcsA concentration or signal- 
mediated phosphorylation of RcsB by RcsC. Accordingly, mutation in the Ion gene re- 
sults in an overproduction of amylovoran (Eastgate et al. 1995) while mutations in the 
genes of the ams operon and the regulatory genes resA or rcsB cause reduction of amylo- 
voran production and these mutants are less virulent (Bernhard et al. 1990; Chatterjee et 
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al. 1990; Coleman et al. 1990; Bernhard et al. 1993b; Tharaud et al. 1994; Bereswill and 
Geider 1997). 

In the pathogenic interaction, the capsule of amylovoran may create a 
favourable microenvironment and protects the bacteria from recogni- 
tion and thereby prevents immobilization by plant defence (Romeiro et 
al. 1981; Metzger et al. 1994; Tharaud et al. 1994). Also, amylovoran may 
cause plugging of xylem vessels and disrupt water flow and thus cause 
wilting of diseased plants (Huang and Goodman 1976). 

In addition to the acidic amylovoran, £. amylovora produces levan, a 
neutral homopolymer composed of P-2,6-linked fructose, synthesized by 
extracellular levansucrase (Gross et al. 1992). Levansucrase is constitu- 
tively expressed and inactivation of its gene (Isc) by transposon 
mutagenesis had no significant effect on virulence (Geier and Geider 
1993). 



c) Erwinia stewartii 

Erwinia stewartii is a pathogen of maize causing Stewart's wilt and blight 
and is transmitted by the corn flea beetle. The bacteria colonize the vas- 
cular system, are able to invade the intercellular spaces of leaves and 
produce water-soaked lesions. The EPS produced by E. stewartiiy 
stewartan, consists of glucuronic acid, galactose and glucose in a ratio of 
1:3:3 (Bernhard et al. 1996). Stewartan is an important virulence factor, 
since EPS-deficient mutants of E, stewartii fail to cause wilting and water 
soaking. However, these mutants can still induce local necrotic lesions 
(Dolph et al. 1988; Braun 1990; Coplin and Majerczak 1990). 

The cps gene cluster required for stewartan synthesis has been cloned 
(Dolph et al. 1988) and sequence data suggest that it has an organization 
similar to the ams gene cluster of E, amylovora (Bernhard et al. 1993a, 
1996). Furthermore, the synthesis of stewartan is regulated similarly to 
that of E. amylovoray involving the two-component RcsC-RcsB system 
and RcsA (Poetter and Coplin 1991; Stout 1994). In addition, N-acyl- 
homoserine lactones (acyl-HSLs) are engaged in regulation of EPS syn- 
thesis. Inability to produce acyl-HSLs results in loss of virulence (Beck 
von Bodman and Farrand 1995). 

Bernhard and coworkers (1996) demonstrated that the ability to synthesize either amylo- 
voran or stewartan can be transferred to different Erwinia species by cosmids carrying 
the ams (cosmid pEA109) or the cps (cosmid pES2144) gene cluster. E. amylovora amsK- 
amsE mutants carrying pES2144 synthesize stewartan, but this EPS did not substitute for 
amylovoran in pathogenesis, since merodiploids were avirulent on pear slices and apple 
seedlings. In contrast, mutants in cpsB-cpsD of E. stewartii, carrying pEA109, produce 
amylovoran and have regained virulence on corn seedlings. This indicates that in the 
interaction of E. amylovora with the host plant the structure and composition of the EPS 
is a crucial factor. 
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d) Ralstonia solanacearum 

Ralstonia (Pseudomonas) solanacearum (Yabuuchi et al. 1995) causes 
bacterial wilt in more than 200 plant species. Agronomically important 
hosts are tomato, potato, tobacco, peanut and banana (Buddenhagen 
and Kelman 1964). Soilborne wild-type R. solanacearum efficiently enter 
host plants via roots, penetrate the vascular system and systemically 
colonize the xylem (Hayward 1991). The major EPS of virulent strains is 
EPS I, a > 1000-kDa acidic, unbranched heteropolymer, composed of a 
repeating trimeric unit of N-acetylgalactosamine, 2-N-acetylgalactos- 
aminuronic acid, and 2-N-acetylbacillosamine decorated with 3- 
hydroxybutyric acid (Orgambide et al. 1991; Schell et al. 1993). Trans- 
poson-induced mutants defective in EPS I production were always found 
to be affected in virulence (Denny et al. 1988; Cook and Sequeira 1991; 
Denny and Baek 1991; Kao et al. 1992). Possibly, EPS prevent adherence 
of bacteria to the plant cell wall and thereby propagate the ability for 
colonization (Young and Sequeira 1986; Saile et al. 1997). 

Production of EPS I requires the 18-kb eps gene cluster encoding sev- 
eral membrane-associated and soluble enzymes involved in biosynthesis 
and export of EPS I (Denny and Baek 1991; Schell et al. 1993). Further- 
more, synthesis of EPS I involves genes of the ops gene cluster (lipo- 
polysaccharide biosynthesis) required for synthesis of some common 
sugar precursors for both EPS I and lipopolysaccharides (Cook and Se- 
queira 1991; Kao and Sequeira 1991). A single promoter directing tran- 
scription of at least seven genes of the eps gene cluster (Huang and Schell 
1995) is regulated by PhcA, a LysR-type transcriptional activator 
(Brumbley and Denny 1990; Schell 1993). Mutations in phcA reduce 
production of EPS I and decrease virulence (Brumbley and Denny 1990; 
Orgambide et al. 1991; Brumbley et al. 1993). 

The network regulating EPS I expression includes, besides PhcA, at 
least three two-component systems (PhcS/R, VsrA/D and VsrB/C), acyl- 
HSLs acting as autoinducers, the cell density-dependent autoregulator 3- 
hydroxy palmitic acid methyl ester (3-OH PAME) and another, unusual 
regulator protein called XpsR. All these systems need to be activated for 
production of EPS 1 (Huang et al. 1995; Clough et al. 1997a, b; Flavier et 
al. 1997a, b). 

Autoinduction is the ability of bacteria to respond to extracellular concentrations of 
autoinducers in order to express specific genes coordinately within a population. This 
type of synchronized activation, which usually occurs only when a population reaches a 
high cell density within a confined location, is also termed quorum sensing (Fuqua et al. 
1994, 1996; Sitnikov et al. 1995). A novel autoregulator, 3-OH PAME, is synthesized by 
PhcB at high cell densities and controls virulence in R. solanacearum. Mutants in phcB 
that cannot synthesize 3-OH PAME do not produce EPS I and, as a consequence, are not 
virulent on tomato plants. 3-OH PAME modulates PhcA- regulated genes via the PhcS/R 
two-component regulatory system which represses expression and/or function of phcA 
(Clough et al. 1997a, b; Flavier et al. 1997a, b). 
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In its active state PhcA regulates expression of extracellular enzymes, 
production of acyl-HSLs and cell motility. In the regulation of EPS pro- 
duction PhcA and the two-component regulatory system VsrA/D control 
the production of XpsR (Schell et al. 1994). XpsR is a unique basic regu- 
latory protein that appears to interact with VsrC, the response regulator 
of the two-component system VsrB/C to activate the transcription at the 
eps promoter (Huang et al. 1995). Thus, XpsR and PhcA are the central 
components in a multifactorial regulatory cascade. In addition, two acyl- 
HSLs can be detected at high cell density in extracts of wild-type R. sola- 
nacearum (Flavier et al. 1997b; Shaw et al. 1997) but it remains unclear 
at what stage these putative autoinducers act in the regulatory network. 

Based on the complex regulation of EPS and other virulence factors, it 
was suggested that R. solanacearum can switch between two specialized 
phenot^es controlled by PhcA (Denny et al. 1994; Clough et al. 1997a). 
At cell densities below 10^ cfu/ml the bacteria show a phenotype compa- 
rable to a phcA mutant, being low in virulence, motile, and producing 
only small quantities of EPS and other virulence factors. This phenotype 
might well be sufficient for survival in soil or plant debris, a saprophytic 
existence, and/or early parasitic activities. Above a titre of 10® cfu/ml the 
phenotype switches to high virulence. The bacteria produce large 
amounts of EPS and cell wall-degrading enzymes which may facilitate 
colonization of host tissue, induce release of nutrients by the diseased 
plant and may allow them to avoid host defence reactions. 



e) Xanthomonas campestris pv. campestris 

Xanthomonas campestris pv. campestris (Xcc) causes black rot of cru- 
cifers (Williams 1980) on all members of the cabbage family. The charac- 
teristic symptom of the infection process is vein blackening, a reaction 
of the plant to the occlusion and disorganization of the vascular system 
by the bacteria (Sutton and Williams 1970). Chlorosis and wilting are the 
subsequent results of the induced water stress. Virulence of Xcc is corre- 
lated to the ability to produce EPS, since EPS is proposed to mask the 
bacteria, preventing induction of plant defence reactions (Ramirez et al. 
1988; Newman et al. 1994). Xcc produces the EPS xanthan with pentasac- 
charide repeating units consisting of glucose, mannose and glucuronic 
acid in a molar ratio of 2:2:1, decorated with acetate and pyruvate side 
groups (Jannson et al. 1975). Xanthan biosynthesis is well characterized; 
both the biosynthetic genes and the biochemical activity of the gene 
products are known (reviewed by Coplin and Cook 1990). A large gene 
cluster {xps/gumB-M) consisting of at least 12 genes is required for xan- 
than biosynthesis (Barrere et al. 1986; Harding et al. 1987, 1993). 

The production of EPS and other virulence factors, for example extra- 
cellular enzymes, is positively controlled by at least two two-component 




Genetics of Phytopathogenic Bacteria 



125 



regulatory systems (Osbourn et al. 1990; Tang et al. 1991). A regulatory 
gene cluster, rp/A-H, was found to have coordinated effects on expres- 
sion of EPS biosynthesis genes and other virulence factors (Tang et al. 
1991; Dow and Daniels 1994). Mutations in any of these genes result in 
significant reduction of EPS, extracellular enzymes and virulence. One of 
these genes, rpfC encodes a fused two-component sensor-regulator pro- 
tein of the ITR class (Tang et al. 1991; Parkinson and Kofoid 1992). Evi- 
dence for a negative regulator gene which seems to balance the system 
has also been reported (Tang et al. 1990). In addition, it was determined 
recently that EPS production is controlled by diffusible, low-molecular- 
weight substances (DF and DSF) of unknown chemical structure, which 
were found in the culture supernatant. These factors are part of two dis- 
tinct signal transduction pathways in Xcc that cross-talk in regulation of 
EPS biosynthesis (Poplawsky et al. 1998). 



f) Clavibacter michiganensis subsp. michiganensis 

Clavibacter michiganensis subsp. michiganensis (Cmm) is a Gram- 
positive bacterium causing bacterial wilt and canker of tomato (see re- 
cent review by Metzler et al. 1997). EPS produced by these bacteria is an 
acidic, high- molecular- weight heteropolysaccharide composed of a tet- 
rasaccharide repeating unit with fucose, glucose and galactose in a molar 
ratio of 2:1:1, decorated with acetate and pyruvate residues (Eichenlaub 
et al. 1991; Van den Bulk et al. 1991; Bermpohl et al. 1996). It has been 
proposed that EPS may induce wilting by blocking xylem vessels, inter- 
fering with water transport within the plant (Van den Bulk et al. 1989, 
1991). However, histological studies of infected tomato plants presented 
no indication of occlusion of xylem vessels (Wallis 1977); instead, tissue 
maceration occurred, indicating that extracellular enzymes may be rele- 
vant for virulence (Benhamou 1991). 

EPS" mutants producing only 10% of the amount of EPS of the wild 
type are not altered in virulence (Bermpohl et al. 1996). Genes responsi- 
ble for wilting of infected plants were located on two plasmids, encoding 
an endoglucanase and a putative extracellular protease (Meletzus et al. 
1993; Dreier et al. 1997). Thus, in this system EPS does not seem to be 
directly involved in the establishment of disease symptoms, but at most 
may cause some water stress accompanied by a slight reduction of bio- 
mass of infected plants. However, in some isolates of Cmm a correlation 
was found between variations in the sugar composition of EPS and the 
inability to colonize the host, indicating that the chemical structure of 
the EPS may play a role in host recognition and early stages of infection 
(Bermpohl et al. 1996). 
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3 Plant Cell Wall-Degrading Enzymes 

In addition to the excretion of exopolysaccharides by the wilt-inducing 
bacteria of the genera Clavibacter, Erwinia, Ralstonia emd XanthomonaSy 
secretion of enzymes capable of attacking the plant cell wall occurs. The 
following sections will discuss to what extent these enzymes constitute 
essential pathogenicity factors and what is known so far about their se- 
cretion, function in pathogenesis and regulation. 



a) Secretion of Bacterial Extracellular Enzymes 

An effective secretory system is required to bring cell wall- degrading 
enzymes in contact with their substrate. The secretion of extracellular 
virulence factors by plant pathogenic bacteria has been reviewed by 
Salmond (1994) and Finlay and Falkow (1997). Extracellular enzymes are 
generally secreted by two distinct pathways. Type I-proteins (e.g. prote- 
ases in E. chrysanthemi) are secreted by a Sec-independent, but ATP- 
dependent, one-step pathway, functionally similar to hemolysin secre- 
tion in E. coli (Pirhonen et al. 1993), while the type II mechanism is a 
two-step. Sec- and ATP-dependent, owt-cluster-mediated pathway (Sal- 
mond and Reeves 1993; Reeves et al. 1993). The out gene cluster of 
E. carotovora subsp. carotovora encodes the proteins of the general se- 
cretory pathway (GSP) that is required for pectinase and cellulase secre- 
tion (Thomas et al. 1997). A two-step mechanism has been shown for the 
endoglucanase of Ralstonia solanacearum as a consequence of an un- 
usual two-component leader sequence (Huang and Schell 1990, 1992). 
E. carotovora and E. chrysanthemi cellulases, pectate lyases, pectin 
methyl esterases and polygalacturonases, as well as amylases, cellulases, 
polygalacturonases and proteases of X. campestris are examples for type 
II secretion (Salmond 1994). Moreover, most pectate lyases (PelADE) of 
E. chrysanthemi are secreted by a type II pathway (Barras et al. 1994). 
Interestingly, Palomaki and Saarilahti (1995, 1997) reported that the C- 
terminus of the E. carotovora subsp. carotovora polygalacturonase 
(PehA) is directly involved in a conformation-sensitive structure essen- 
tial for secretion. 



b) Cellulolytic Enzymes 

It is well established that the hydrolysis of cellulose requires a consor- 
tium of microbial enzymes (Gilbert and Hazlewood 1993; Beguin and 
Aubert 1994). Studies on saphrophytic bacteria such as some Pseudo- 
monas species (Gilbert et al. 1988; Hazlewood et al. 1992) or Cellvibrio 
(Millward- Sadler et al. 1995) have indicated that cellulases from aerobic 
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bacteria may not associate, but bind individually to the substrate, in 
contrast to the "cellulosomes" known from Clostridium thermocellum 
(one of the few bacterial cellulase producers of commercial interest; see 
Bayer et al. 1994). 

Endoglucanases (1,4-p-D-glucan glucanohydrolase, EC 3.2. 1.4) cleave 
p-glucosidic bonds in crystalline regions of cellulose, creating sites for 
exoglucanase activity. The phytopathogenic genus Clavibacter (recently 
reviewed by Metzler et al. 1997) produces endoglucanases, but so far 
only one endoglucanase of the potato ring rot inducing C. m. subsp. 
sepedonicus (De Boer and Slack 1984; Bishop and Slack 1987) has been 
partially purified and characterized (Baer and Gudmestad 1995). Laine 
et al. (1996) propose an important role of the endoglucanase in viru- 
lence, while the study of Baer and Gudmestad (1995) did not support 
such a function, suggesting that involvement in pathogenicity may not 
be an absolute necessity. Endoglucanase genes are also not required for 
the wilting disease induced by R, solanacearum; however, they reduce 
the time required for disease development and plant death (Roberts et 
al. 1988). 

In the plant pathogen E, chrysanthemi two glucanases are secreted: 
the poorly expressed CelY and the recently characterized endoglucanase 
EGZ (Boyer et al. 1984; Aymeric et al. 1988; Bortoli-German et al. 1995; 
Brun et al. 1995, 1997). However, the phytopathogenic relevance remains 
unclear. In the soft rot causing enterobacterial phytopathogen 
E. carotovora subsp. carotovora, involvement of a cellulase in patho- 
genesis was shown for CelV, the major secreted p-l,4-endoglucanase, 
since celY mutants exhibit a significantly reduced virulence in a potato 
disc assay (Walker et al. 1993). 

Exoglucanases (syn: cellobiohydrolase; 1,4-P-D-glucan cellobiohydrolase, EC 3.2.1.91.) 
cleave cellulose chains at the non-reducing end, liberating cellobiose (Goughian and 
Mayer 1992) and are regarded as key enzymes for the degradation of the native substrate. 
So far there is no indication of phytopathogenic relevance of these enzymes. 



c) Xylanolytic Enzymes 

p-l,4-Endoxylanases (1,4-p-D-xylan xylohydrolase; EC 3.2. 1.8) cleave 
the internal glycosidic linkage of the heteroxylan backbone. Hydrolysis 
of the substrate is not random, and hydrolysis of bonds depends on the 
length and extent of branching or the presence of substituents in the 
substrate (Reilly 1981). Keen et al. (1996) showed by marker exchange 
mutagenesis of the xynA gene of E. chrysanthemi that a complete loss of 
endoxylanase activity does not affect virulence on corn leaves. Although 
numerous xylanolytic enzymes with different properties have been de- 
scribed in recent years (Jeffries 1996; Sunna and Antranikian 1997), their 
role in phytopathogenicity remains unclear. 
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d) Pectolytic Enzymes 

Pectins generally consisting of linear polygalacturonate chains inter- 
spersed with highly branched rhamnogalacturonan regions and 
"smooth" parts exclusively composed of a-l,4-linked D-galacturonic 
acid are important structural constituents of plant cell walls. Some of 
these galacturonates are modified by methyl-esterification at the car- 
boxyl group or by acetyl-esterification on the hydroxyl groups at the C-2 
or C-3 position. The extent of modification varies greatly, depending on 
pectin type. The depolymerization of pectin is limited by its extent of 
methylation, because pectate lyases exhibit a reduced activity on highly 
methylated substrates (Tardy et al. 1997). Thus, pectin methyl esterases 
facilitate pectate lyase action by removing the methyl groups in pectin 
(Shevchik and Hugouvieux-Cotte-Pattat 1997). 

Plant pathogenic bacteria differ widely in their capacities to synthe- 
size pectic enzymes. Soft rotting E. chrysanthemi and E, carotovora se- 
crete many pectolytic enzymes, such as endo-polygalacturonase (Peh, 
EC 3.2.1.15), pectin esterase (EC 3.1.1.11) (Shevchik and Hugouvieux- 
Cotte-Pattat 1997) and exo-poly-a-D-galacturonosidase (EC 3.2.1.82) 
(Collmer and Keen 1986; Collmer et al. 1991). These enzymes have pH 
optima below pH 6 and are inhibited by bivalent cations. Lyases, such as 
pectate lyase (PL, Pel; EC 4.2.2.2) and pectin lyase (EC 4.2.2.10) have an 
activity optimum at basic pH values and need bivalent cations for their 
activity. The Pels can be divided into four families (Chatterjee et al. 
1995), including extracellular PelADE, extracellular PelBC, periplasmatic 
Pels and Pel3 of E. carotovora (Liao et al. 1996). The enzymes enable 
Erwinia to macerate plant tissues (Perombelon and Kelman 1980). Host- 
specific pathovars of P. syringae have a weaker, variable pectolytic ac- 
tivity (Bauer and Collmer 1997), causing necrosis rather than rot. 

E, chrysanthemiy causing soft rot on various plants (Agrios 1988), 
produces an exo-polygalcturonase PehX (He and Collmer 1990), eight 
pectate lyases (PelA-D,L,Z,X), the exopectate lyase PelX (Brooks et al. 
1990), five major endopectate lyases (PelA-E) (Tardy et al. 1997) and a 
set of secondary endo-pectate lyases (PelL, PelZ), together with some 
pectin esterases (Pissavin et al. 1996). Among the major pectate lyases, 
PelA, D and E play the most important role in pathogenicity, and PemA 
(pectin methyl esterase A) and PaeY (pectin acyl esterase Y) seem to be 
necessary especially during the initial invasion of plants (Boccara and 
Chatain 1989; Shevchik and Hugouvieux-Cotte-Pattat 1997). The pelA-E- 
D-paeY-pemA gene cluster can, therefore, be considered as a virulence 
locus of phytopathogenic E, chrysanthemi (Beaulieu et al. 1992; Shevchik 
and Hugouvieux-Cotte-Pattat 1997). 

Production of pectolytic enzymes appears to be vital for the virulence of both E. chrysan- 
themi and E. carotovoruy as demonstrated by isolation of avirulent mutants that were 
pleiotropically affected in either extracellular enzyme production or secretion (out mu- 
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tants) (Murata et al. 1991; Pirhonen et al. 1993; Liu et al. 1992; Jones et al. 1993). A muta- 
tion of single or multiple pel genes leads to reduced virulence (Boccara et al. 1988; Boc- 
cara and Chatain 1989; Beaulieu et al. 1992; Kelemu and Collmer 1993). In addition, the 
involvement of a cellulase was demonstrated (Walker et al. 1993). The pel genes are 
regulated by autoinducers in a cell density-dependent manner (Jones et al. 1993; 
Pirhonen et al. 1993). PelB, a novel pectate lyase, showing 93% identical amino acids to 
Pel3 of E, chrysanthemi, is calcium-independent, and a member of a new Pel family in 
E. carotovora. 

Other plant pathogens like Pseudomonas viridiflava (Liao et al. 1988), Xanthomonas 
campestris pv. vesicatoria (Beaulieu et al. 1991), Bacillus subtilis (Nasser et al. 1990) and 
P. syringae pv. lachrymans (Collmer et al. 1991; Bauer and Collmer 1997) produce only a 
single pectate lyase. The pectic enzymes of Pseudomonas fluorescence and P. viridiflava 
causing postharvest soft rot have been partially characterized (Liao et al. 1992), while 
little is known about pectic enzymes of Pseudomonas syringae (Bauer and Collmer 1997). 
The pectate lyase Pels of P. syringae pv. lachrymans, the only pectic enzyme of this bac- 
terium, is not involved in pathogenicity (Collmer et al. 1991). 

Nevertheless, pectate lyase seems to represent a key pathogenicity factor 
in soft rot disease caused by P. viridiflava (Liao et al. 1992, 1994), since 
transposon-induced mutants of the pel locus were unable to induce soft 
rot in potato tuber slices. In the plant pathogen Burkholderia (Pseudo- 
monas) cepacia, a polygalacturonase is discussed as being responsible 
for maceration of plant tissue (Gonzalez et al. 1997). PehA mutants of P. 
solanacearum, the most important wilt-inducing pseudomonad, show a 
reduced virulence, indicating a putative role of the polygalacturonase in 
wilting. For the formation of virulence symptoms, however, extracellular 
endoglucanase and EPS I are required additionally (Allen et al. 1997). 



e) Regulatory Aspects 

As already described for EPS synthesis, several physiological processes 
in bacteria are regulated by autoinducers (reviewed by Salmond 1994). 
For phytopathogenic Erwinia (Jones et al. 1993; Pirhonen et al. 1993; 
Beck von Bodman and Farrand 1995) it was shown that the synthesis of 
extracellular enzymes is regulated by N- acyl-homoserine lactones. In 
addition to the biosynthesis of EPS, the expression of extracellular en- 
zymes (PglA, Pme, Egl) in R. solanacearum is regulated by PhcA and the 
products of thephcBSR operon (Clough et al. 1997a, b). 

In E, carotovora subsp. carotovora, recent studies by Flego et al. 
(1997) implicate a role for calcium in virulence control. High concentra- 
tions of calcium in plant tissue were shown to decrease maceration. This 
is probably due to a Ca^"^-dependent pectate stabilization, leading to a 
structurally enhanced wall integrity (McGuire and Kelman 1986; Carpita 
and Gibeaut 1993). In addition, production of PehA, an important viru- 
lence factor, during early stages of infection by E, carotovora 
carotovora (Saarilahti et al. 1992; Saarilahti 1993) is repressed 1 
resulting in a reduced virulence of the pathogen (Flego et al. 1997). Be- 
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sides cations, other ions may also trigger differential expression of 
pel genes, since in E, chrysanthemi the expression of a pelDiiuidA fusion 
protein was stimulated by the presence of iron chelators (Masclaux et al. 
1996). 



4 Concluding Remarks 

An interesting aspect of the regulation of EPS genes and those for extra- 
cellular enzymes is the involvement of autoregulators which mediate a 
cell-density-dependent synchronous expression of genes required for 
pathogenicity. It is to be expected that in the future more such autoregu- 
lators will be detected and their exact functions in the regulatory cascade 
will be elucidated. In addition, it needs to be clarified how bacterial cells 
actually measure the parameter "cell density". 

Two-component regulatory networks seem to be involved in a grow- 
ing number of expression systems and the complex interaction of the 
various protein components needs to be addressed by future work. Also 
it seems possible that not all components engaged have been identified 
so far. 

With respect to the phytophathogenic aspects of this review, it seems 
to emerge that in bacteria causing vascular infection resulting in wilting 
of the host plant in most cases EPS together with enzymes and other 
pathogenicity factors act synergistically. However, in soft rot-inducing 
bacteria the plant cell wall- degrading enzymes seem to be the principal 
cause of the disease. 
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Plant Breeding: 

Male Sterility in Higher Plants - 
Fundamentals and Applications 

By Frank Kempken and Daryl Bring 



1 Introduction 

Under normal conditions, plants undergo a life cycle that consits of an 
alternating vegetative sporophytic generation and a much-reduced sex- 
ual gametophytic generation. During these cycles, seeds germinate, the 
mature plant organs differentiate, and finally vegetative growth termi- 
nates in flower formation, which in principle leads to sepals, petals, an- 
thers, and carpels. Male sterile mutants which cannot produce fertile 
pollen or functional anthers can often be observed in higher plant spe- 
cies. In this chapter we differentiate between nuclear and cytoplasmic- 
nuclear male sterility (CMS); the latter is particularly useful for produc- 
tion of hybrid seed, which is the main application of CMS. To date, 
hybrid varieties are produced in most agricultural and horticultural 
crops. The successful exploitation of heterosis requires a simple and 
reliable system to produce female parents and perform crosses for the 
production of hybrid seed. Without a CMS system, male floral organs 
must be removed mechanically, which is usually not economical nor 
practical. While nuclear male sterility is based solely on mutations which 
occur in nuclear genes, CMS is maternally inherited and based on 
changes in mitochondrial gene expression as influenced by nuclear 
genes. Importantly, the CMS phenotype may be corrected by nuclear 
fertility restoration (RF) genes. In the first section, we discuss anther and 
pollen development and present recent molecular data as well. In the 
second part, some of the most important CMS systems are presented. 
Finally, approaches to genetically engineering male sterility in higher 
plants are discussed. Genetically engineered male sterility may be ap- 
plied to any crop, including those crops where CMS systems are not 
available or are unreliable. This area thus has a tremendous potential in 
plant breeding. 

Some aspects of this review have been covered by other reviews in the 
past years (e.g. Hanson et al. 1988; Pring and Lonsdale 1989; Hanson and 
Folkerts 1992; Pring et al. 1993; Horn et al. 1994; Kiick and Wricke 1995; 
Maier et al. 1996). 
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2 Male Sterility in Natural and Breeding Systems 

This section deals with spontaneously occurring male sterility and with 
male sterility introduced by breeding or crop improvement, excluding 
the introduction of male sterility by genetic engineering. 



a) Anther Development and Nuclear Male Sterility 

The development of anthers is part of the genetic program to produce 
flowers. Flower development has been extensively studied in recent 
years, focusing on Antirrhinum majus and particularly on Arabidopsis 
thaliana (reviewed in TheiCen and Saedler 1995; Weigel 1995; Riech- 
mann and Meyerowitz 1997). These investigations led to the ABC model 
of flower development to explain the formation of sepals, petals, anthers, 
and carpels in the four whorls (Weigel and Meyerowitz 1994). The A 
activity in the first whorl generates sepals, and, together with the B ac- 
tivity in the second whorl, petals are formed. B and C activities are re- 
quired to generate anthers in the third whorl, and C activity leads to 
carpel formation in the fourth whorl. These activities are due to the spa- 
tially regulated activity of specific transcription factors encoded by or- 
gan identity genes. In Arabidopsis thaliana three organ identity genes 
control anther formation, i.e., apetala 3 (AP3), pistilata (PI) and aga- 
mous (AG). The corresponding genes have also been cloned from An- 
tirrhinum majus (deficiens, globosa, and plena). AP3 and PI are both 
required for B activity and their gene products form a heterodimer, 
while AG mediates the C activity (Coen 1992, Schwarz-Sommer et al. 
1992, Trobner et al. 1992). The spatial pattern, i.e., the restriction of ac- 
tivity of AG to the inner whorl, is controlled by cadastral genes, which, in 
turn, are activated by floral meristem genes. 

While the action of the genes controlling the formation of organs is 
not fully understood, even less is known about the genetic network 
downstream of the B/C organ identity genes. A generalized overview of 
anther development was presented by Goldberg et al. (1993). There, an- 
ther development is divided in two phases. In phase I, the morphology 
of the anthers is established, as well as cell and tissue differentiation. 
This phase ends with meiosis occurring in microspore mother cells. In 
phase II pollen grains differentiate and the anther enlarges to its final 
size. This phase terminates when dehiscence and pollen release occur 
(Goldberg et al. 1993). 

The anther cell types which carry out specific tasks (Esau 1977) can be 
traced to specific floral meristem layers. A number of genes have been 
isolated which control various steps in this complex developmental pat- 
tern (see Sect. 2). The isolation of anther-, pollen- or tapetum-specific 
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Table 1. Examples of pollen development genes identified in Arabidopsis thaliana 


Gene name 


Gene function 


Mutant phenotype 


Reference 


Antherless 


Male sexual organs 


Anthers absent 


Chaudhury et al. 
(1992) 


ap3 


Organ identity gene 


Stamens absent 


Bowman et al. 
(1989) 


axrl 


Male sexual organs 


Short filaments 


Estelle and Somer- 
ville (1987) 


bcpl 


Pollen development, 
active in pollen and 
tapetum 


Tapetum mutant: 
dead shriveled pol- 
len, microspore 
mutant: one- to- 
one- segregation of 
dead-to-viable pol- 
len 


H.Xuetal. (1995) 


ms (male sterility) 
2 


Fatty acid reductase? 


Pollenless 


Aarts et al. (1993, 
1997) 


msl, 7, 8 


Microsporogenesis 


Postmeiotic, mi- 
crospore become 
aberrant after being 
released from tet- 
rads 


Chaudhury (1993) 


ms3, 4, 5, 15 


Microsporogenesis 


Premeiotic or mei- 
otic arrest of mi- 
crospore develop- 
ment 


Chaudhury (1993) 


msH 


Dehiscence 


Anthers fail to de- 
hiscence 


Dawson et al. (1993) 


pistilatat 


Organ identity gene 


Stamens absent 


Bowman et al. 
(1989) 


popl 


Pollen function 


Lack of tryphine 


Preuss et al. (1993) 


Quartet 


Pollen separation 


Outer wall of mei- 
otic products of 
pollen mother cell 
are fused 


Preuss et al. (1994) 


Sidecar pollen 


Required for normal 
cell division pattern 


High degree of 
abortive and extra- 
celled pollen 


Chen and McCor- 
mick (1996) 


Stud 


Male-specific cy- 
tokinesis after telo- 
phase II of meiosis 


No wall formation in 
tetranucleate mi- 
crospore, giant 
pollen 


Hulskamp et al. 
(1997) 


Tetraspore 


Meiotic cytokinesis 


Microspore nuclei 
remain in same 
cytoplasm 


Spielman et al. 
(1997) 
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promoters was a major step toward engineered male sterility (see Sect. 
3.a) and a more detailed study of the dehiscence process. This requires 
breakage at a special anther structure, the stomium, at dehiscence 
(Bonner and Dickinson 1989). In a recent paper (Beals and Goldberg 
1997), the differentiation of the stomium and adjacent cells (circular cell 
cluster), and the roles that these regions play in the anther dehiscence 
process, are analyzed and led to the conclusion that anther dehiscence 
depends on the presence of a functional stomium region and that these 
cells can specifically be ablated by using the barnase/barstar genes (Beals 
and Goldberg 1997). Data from Koltunow et al. (1990) and Mariani et al. 
(1990) show that dehiscence occurs normally even if no viable pollen is 
present. Therefore, a signal from the flower, as discussed by Beals and 
Goldberg (1997), may be necessary for coordination of pollen develop- 
mental and the dehiscence program. 

Mutations in any gene involved in the differentiation processes de- 
scribed above may lead to male sterility (reviewed in: Chaudhury 1993). 
For example, there are more than 60 genes that affect male fertility in 
maize or rice (Albertsen and Palmer 1979; Albertsen and Phillips 1981; 
Kaul 1988; Hu and Rutger 1992). Recent effords using Arabidopsis thali- 
ana have led to the cloning and molecular characterization of a number 
of male sterility genes. Table 1 lists some examples of these genes from 
Arabidopsis thaliana. However, similar genes are also known from 
maize, i.e. the recessive mutant antherless (Weijer 1952; Kaul 1988) or 
cotton. There, a dominant mutant {ms4) has malformed anthers (Allison 
and Fisher 1964). These mutants fall into two groups, i.e., mutants that 
perturb male sexual organs (e.g., pistillata) and mutants that impair 
pollen development (e.g., male sterility 2). According to Chaudhury 
(1993), the latter group may be split into (1) premeiotic and meiotic 
mutants, (2) postmeiotic mutants, (3) pollen release mutants, and (4) 
pollen function mutants (see Table 1 for examples). Further analysis of 
these and other nuclear mutations affecting anther and pollen develop- 
ment will be useful to elucidate the genetic networks which control these 
developmental processes. 



b) Cytoplasmic-Nuclear Male Sterility (CMS) 

Substantial evidence indicates that many plants where CMS occurs are 
characterized by unusual mitochondrial genes or open reading frames. 
Most of these clearly resulted from recombination and/or duplication 
events, often involving sequences of defined normal, constitutive 
mtDNA genes (Table 2). The manifestation of CMS can occur prior to 
(sporophytic action) or following (gametophytic action) meiosis, but 
both processes terminate the male gametophytic generation, i.e., aborted 
pollen. 
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Table 2. Chimeric mitochondrial genes. Chimeric mitochondrial genes or open reading 
frames suspected as causal of CMS in higher plants are often positioned 5' or 3' to normal 
genes, and may be driven by promoters of the 5' gene, or derived from other genes. The 
listed promoters have been determined in some examples, or are probable in other ex- 
amples 








Constituents 






Promoter 


5' Gene 


Gene/orf 


5' 


3' 


3' Feature/gene 


atp6 




Maize T-urfl3 


3\ rrn26 


rrn26 


orf25 


S-1 




Maize or/355 


R1 plasmid 






atp9 




Maize atp6-C 


atp9, unique 






atp6 




Maize cox2-C 
Maize atp9-C 
Sorghum 9E coxl 


atp6 


Novel 


Unique 


Novel 




Sorghum orf 107 


atp9 


orp9 




Novel, 

Zmatp6 




Sorghum orf 130 








atp6 


atp6 


Rice orf79 
Brassica orf 224 
Brassica orf 222 


coxl 

orfB, rps3 
orfBy rps3 


orfl07 


t element, atp6 
nadSC, orf 139 


atp6 


atp6 


Brassica orf263 


nadS 






trnfM 


trnfM 


Radish orf 138 






orfB 


atpl 


atpl 


Sunflower orf522 


orfB 






atp9 




Petunia pcf 


atp9, cox2 




nad3, rpsl2 


coxl 




Wheat orf256 


coxl 




coxl 



References: Maize T-urfl3: Dewey et al. (1986); maize orf355: Zabala et al. 1997; maize 
atp6-C, cox2-C and atp9-C: Dewey et al. (1991); sorghum 9Ecox2: Bailey-Serres et al. 
(1986); sorghum orfl07: Tang et al. (1996b) and orfll30: Tang et al. (1996a); rice orf79: 
Iwabuchi et al. (1993; Akagi et al. (1994); Brassica orf224: Singh and Brown (1991): Handa 
and Nakajima (1992); Brassica orf222: L'Homme et al. (1997); Brassica orf 263: Landgren 
et al. (1996); radish orfl38: Bonhomme et al. (1992); Krishnasamy and Makaroff (1993); 
Krishnasamy et al. (1994); sunflower orfH522: Kohler et al. (1991); Laver et al. (1919); 
petunia pc/: Hanson et al. (1995); wheat orf256: Rathburn and Hedgcoth (1991); Song and 
Hedgcoth (1994a). 



Mitochondrial gene expression can be regulated by factors associated 
with transcription, cfs- and trans-transcript splicing, site specific cleav- 
age, RNA editing, and translation. In addition, mtDNA gene expression 
has been shown to be regulated temporally or spatially. The current 
status of understanding the roles of fertility restoration (RF) genes in- 
vokes possible roles in several of these regulatory mechanisms. Still, 
many considerations of CMS represent an enigma, including the appar- 
ent tissue-specific deleterious effect of CMS-associated genes or orfs and 
why CMS-associated structures are not deleterious in non-reproductive 
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tissues. In this section we present overviews about some of the best- 
characterized CMS systems. 



a) Maize 

CMS in maize {Zea maysy L) has been extensively studied. There are 
three major sources of CMS in maize, the T, S and C groups, differenti- 
ated by the genetics of fertility restoration and a variety of other criteria 
(Duvick 1965; Laughnan and Gabay-Laughnan 1983). 

T Cytoplasm. The T, or Texas, source of CMS in maize is probably the 
best understood example of CMS in higher plants, in terms of its prob- 
able mtDNA lesion and the nature of required RF genes. A major factor 
in elucidating this system is the impact T cytoplasm has on maize pro- 
duction, and the resultant susceptibility to two fungal pathogens and 
their host-specific toxins, resulting in disease epidemics in the US 
(reviewed in Pring and Lonsdale 1989; Levings and Siedow 1992; Levings 
1993; Ward 1995). 

CMS in this example is associated with compelling evidence implicat- 
ing the mitochondrial gene T-urfl3, a 345-bp chimeric open reading 
frame consisting of sequences found 3' to rrn26y sequences internal to 
rrn26y and sequences of unknown origin (Dewey et al. 1986). Important 
leads in implicating T-urfl3 in CMS and a role in disease toxin sensitiv- 
ity were obtained through analyses of male-fertile disease toxin-resistant 
mutants regenerated from tissue culture. Most of these mutants are 
characterized by deletion of T-urfl3 (Rottmann et al. 1987; Wise et al. 
1987a), but a particularly interesting mutant, designated T-4, exhibits a 
truncation of T-urfl3 resulting from a frame shift and premature stop 
codon (Wise et al. 1987a). 

T-urfl3 encodes a 13-kDa polypeptide, URF13 (Dewey et al. 1987; 
Wise et al. 1987b). URF13 and its interactions with the mitochondrion 
and the fungal toxins has been extensively examined. URF13 is associ- 
ated with the inner mitochondrial membrane (Dewey et al. 1987), and 
oligomers bind to toxins of the fungal pathogens, leading to the forma- 
tion of hydrophillic pores (Braun et al. 1990). URF13 has three mem- 
brane-spanning alpha helices, and oligomers undergo a conformational 
change in the presence of the fungal toxins, allowing a rapid permeali- 
zation of the inner mitochondrial membrane (Siedow et al. 1995; re- 
viewed in: Rhoads et al. 1995; Levings et al. 1995). 

Indeed, in transgenic tobacco, URF13 caused toxin sensitivity, but failed to cause CMS. 
This may indicate that URF13 is required for CMS but not sufficient on its own 
(Chaumont et al. 1995). However, these experiments were not fully conclusive and fur- 
ther efforts may be necessary. 
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The restoration of fertility in T cytoplasm maize requires the action of 
two genes, Rfl and Rf2. Critically, action of the gene Rfl results in the 
appearance of a novel 1.6 kb T-urfl3 transcript (Dewey et al. 1986) 
within a 5* terminus within T-urfl3 (Dewey et al. 1987; Kennell and Pring 
1989). Although the novel 1.6 kb transcript represents only a minor part 
of the T-urfl3 transcripts in maize lines with RfU action of the gene is 
accompanied by a 80% reduction in abundance of URF13 in leaf tissues 
(Dewey et al. 1987). 

This may indicate that the effect of Rfl is not restricted to T~urfl3 processing, but may 
influence a yet unknown transcript as well. Dill et al. (1997) raise the possibility that the 
novel transcripts may interfere with translation. 

Evidence that Rfl indeed confers fertility restoration and the novel transcript, as op- 
posed to linkage of the two traits, was obtained through tagging the gene with the Muta- 
tor transposon family; resultant r/l-m lines were male- sterile and did not have the 1.6-kb 
transcript (Wise et al. 1996). Recently, two additional partial restorer genes, Rf8 and Rf^y 
were shown to exhibit similar affects, but generating transcripts with termini within T- 
urfl3 that occur 5' to the transcript terminus conferred by Rfl (Dill et al. 1997). 

A major advance in understanding CMS and the nature of RF genes was 
the successful isolation and characterization of Rf2j the second gene 
required for fertility restoration in T-cytoplasm maize. A series of trans- 
poson- induced mutants of Rf2 were identified (Schnable and Wise 1994) 
and Mu-hybridizing clones were analyzed. Sequencing revealed an open 
reading frame that probably encodes an aldehyde dehydrogenase 
(ALDH; Cui et al. 1996). Cui et al. (1996) hypothesized that this gene 
may have a function independent of fertility restoration, and could play 
a role in oxidation of fatty acids or in detoxifying acetaldehyde. Alterna- 
tively, the protein may interact with T-urfl3 in some manner, or modify 
components of the inner mitochondrial membrane. 

S Cytoplasm. The USDA, or S, source of CMS in maize represents a 
complex example of mtDNA recombinational events that can be associ- 
ated with the expression of CMS, and the appearance of spontaneous 
male-fertile revertants. Instability, expressed as fertile individuals, has 
been painstakingly traced to cytoplasmic revertants to male fertility, or 
the appearance of new nuclear restorer genes (reviewed in Laughnan 
and Gabay-Laughnan 1983; Gabay- Laughnan et al. 1995). 

Identification and characterization of a series of spontaneous cyto- 
plasmic revertants identified a region of S mtDNA that is consistently 
associated with reversion. Sequences of episomes characteristic of S cy- 
toplasm are involved in recombination with the principle mtDNA 
genome, generating linearized molecules with S episomes at their ends 
(Schardl et al. 1984). Most spontaneous fertile revertants are character- 
ized by the loss of the episomes and of linear mtDNA configurations 
(Schardl et al. 1985), but analyses of revertants in the Wf9 background 
showed that this class of revertants retained the episomes and linear 
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configurations (Escote et al. 1985). The S episomes share terminal invert 
repeat sequences which are represented within the principle mtDNA 
genome and are the sites of recombination with the S episomes (Schardl 
et al. 1984, 1985). One of these sites, 6 (Schardl et al. 1984), is flanked by 
sequences designated R (Houchins et al. 1986; Zabala et al. 1997). 

Exciminations of the Wf9 revertants identified rearranged mtDNA sequences in the 5 
region at the termini of linear chromosomes (Small et al. 1988; Zabala et al. 1997). Se- 
quencing of the progenitor region in S cytoplasm showed two chimeric open reading 
frames, orf355 and the 3' orf77 (Zabala et al. 1997). Orf355 is composed of sequences 
highly similar to part of the R sequences in N cytoplasm and sequences of unknown 
origin. Or/77 is composed in part of coding sequences of atp9 and sequences found 5' to 
orf25 in maize. Transcription of this region is in part probably driven by a promoter 
within the inverted repeat, characteristic of the S and R episomes. 

Fertility restoration is exacted by the single dominant gene Rf3 (Laugh- 
nan and Gabay-Laughnan 1983; Gabay-Laughnan et al. 1995; Kamps et 
al. 1996). Since this is a gametophytic system, wherein action of Rf3 is 
manifested at the haploid, pollen stage, Zabala et al. (1977) critically 
examined expression of orf355-orf77 in pollen. Transcripts of this region 
were reduced in abundance in pollen from heterozygous Rf3rf3 plants, 
and importantly, further reduced in homozygous Rf3Rf3 lines. Since 
these effects could also be observed in immature ear tissues, action of 
Rf3 is evident in sporophytic and gametophytic tissues. Although effects 
associated with RF genes in nonreproductive tissues have been observed 
in many CMS examples, this is the first case wherein gene action dem- 
onstrated at the haploid stage is also expressed in diploid tissues. Since 
alteration of transcripts in the presence of Rf3 occurs in sporophytic and 
gametophytic tissues, a pollen-specific deleterious effect of expression of 
the open reading frames was invoked (Zabala et al. 1997). 

C Cytoplasm, The Charrua, or C source of CMS in maize, is characterized 
by three novel chimeric mtDNA rearrangements involving the genes 
atp6y atp9y and cox2 (Dewey et al. 1991). 

The atp6 gene in C cytoplasm (atp6-C) is characterized by sequences 
of a novel 5' extension to the conserved core atp6 sequence, which re- 
placed an amino extension characteristic of T cytoplasm mtDNA. The 5' 
terminus of this long open reading frame includes amino-terminal se- 
quences derived from atp9. The "missing" atp6 5’ extension characteris- 
tic of T cytoplasm is found as part of the extended open reading of C 
cytoplasm cox2 (cox2-C), replacing cox2 sequences characteristics of T 
cytoplasm. The third unusual gene in C mtDNA is atp9. The sequence is 
identical to that of N cytoplasm, but sequences flanking the gene are 
distinct from those of N cytoplasm. The 5’ sequences in C cytoplasm are 
present in T cytoplasm but not transcribed, and are not present in N or S 
cytoplasm mtDNAs. Thus, the gene can be considered as transposed 
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from its normal context. Fertility restoration did not affect transcription 
of any of these genes, nor the size or abundance of COX2, in etiolated 
seedlings (Dewey et al. 1991). 



p) Sorghum 

At least seven distinguishable groups of sorghum male- sterile cyto- 
plasms have been differentiated in the US, and additional sources from 
India have been described. The mtDNAs of many of these can be distin- 
guished (G.-W. Xu et al. 1995; Pring et al. 1995), but to date only two 
cytoplasms are known to be associated with unusual genes/orfs. 

The 9E male-sterile cytoplasm exhibits the only currently known vari- 
ant of a normal mtDNA gene that could possibly be involved in cms. In 
this cytoplasm coxl differs from that of the milo cytoplasm by recombi- 
national events that resulted in the loss of carboxy terminal sequences 
and replacement with sequences of unknown origin, generating a longer 
open reading frame (Bailey-Serres et al. 1986). The resultant open read- 
ing frame is longer than that of milo, and accordingly, the resultant gene 
product is larger. It is not known whether fertility restoration alters ex- 
pression of the 9E coxL 

The IS1112C, or A3 source of cms, is characterized by several unusual 
features (Pring et al. 1995). In this case two chimeric mitochondrial open 
reading frames have been shown to be specific for the A3 cytoplasm. 

Orf265/130 is a chimeric open reading frame consisting of sequences 
similar to those 5' to maize T-urfl3 and atp6, sorghum urf209, sequences 
found 5' to sorghum atp6-2y and sequences of unknowing origin (Tang 
et al. 1996a). Two promoters were identified, one corresponding to a 
maize T-urfl3/atp6 promoter (Yan and Pring 1997). An in-frame start 
codon 3' to sequences found 5' to atp6-2 defines orfl30y which has one 
silent RNA editing site (Tang et al. 1996a). No differences in transcript 
patterns were observed in plants restored to fertility. 

OrflO? is a chimeric orf consisting of sequences derived from sor- 
ghum atp9y sequences of unknown origin, and sequences similar to 
those of orf79 (Tang et al. 1996b), a chimeric orf associated with cms in 
rice (Iwabuchi et al. 1993; Akagi et al. 1994). Transcription is driven by 
three promoters of unknown origin (Yan and Pring 1997). Fertility resto- 
ration (Tang et al. 1996b) or action of the gene JR/3, one of two genes 
required for restoration (H. V. Tang et al., submitted), results in a novel 
nucleolytic cleavage event within the open reading frame. The 3' prod- 
uct, a 380-nt transcript, accumulates at high abundance, while the 5' 
processing product is degraded. Since a trace, basal level of transcript 
processing is presenet in lines that are r/3r/3, it was postulated that the 
jR/3 gene regulates processing activity (H. V. Tang et al., submitted). 
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In male-sterile plants, orfl07 transcripts are highly edited at three 
positions, one shared with atp9, and a fourth site is infrequently edited. 
About 75% of whole-length transcripts are cleaved by action of Rf3. Ex- 
aminations of RNA editing in the remaining whole-length transcripts 
revealed highly frequent editing at the site shared with atp9y but low 
levels of editing at the two sites that are edited at high frequency in 
male-sterile plants (D. Pring et al., submitted). A dependence of editing 
for action of the transcript processing activity was hypothesized. 

Uniquely, RNA editing of atp6 has been shown to be related to the 
restoration of male fertility in this cytoplasm. RNA editing in different 
tissues of lines carrying the A3 cytoplasm was compared. Whereas RNA 
editing of atp9y nad4y and nad3-rpsl2 transcripts in anthers was similar 
to that of etiolated shoots, mitochondrial atp6 RNA editing was strongly 
reduced in anthers of the A3Tx398 and A3Tx7000 male-sterile lines 
(Howad and Kempken 1997a, b, and unpublished data). Transcripts of 
atp6 in wheat anthers, and selected plastid transcripts in sorghum an- 
thers showed normal RNA editing, which indicate that the reduction in 
editing frequency of mitochondrial atp6 is specific for this male-sterile 
sorghum cytoplasm. Restoration of fertility in and lines correlates 
with an increase in RNA editing of atp6 transcripts. These data suggest 
that loss of atp6 RNA editing efficiency might contribute to or cause cms 
in sorghum. Interestingly, the data from anther atp6 RNA editing are 
correlated with aspects of fertility restoration of the A3 cytoplasm, 
wherein the role of the second gene required for restoration, R/4, is un- 
known (H. V. Tang et al., submitted). This may suggest a functional cor- 
relation. However, since orflO? transcript processing is not pollen- 
specific, a yet unidentified anther-specific factor may be involved. 

Altered editing of atp6 transcripts is also associated with cms in rice 
(Iwabuchi et al. 1993) and in a transgenic approach, unedited ATP9 
protein caused cms in tobacco (Remould et al. 1993; see Sect. 3). 



y) Brassica 

The biology, genetics, and characterization of sequences associated with 
CMS in Brassica species has recently been reviewed (Makaroff 1995). 
Four sources of CMS, the Ogura, poly napy and tour cytoplasms, have 
been characterized. In each case a novel open reading frame has been 
identified, 5* or 3’ to genes which can be regarded as normal mitochon- 
drial genes. 

Ogura Cytoplasm, Male sterility induced by the Ogura cytoplasm of Rap- 
hanusy radish, is associated with the mitochondrial gene orfl38 (Bon- 
homme et al. 1992; Krishnasamy et al. 1994). Orfl38 is restricted to the 
Ogura cytoplasm (Bonhomme et al. 1991; Krishnasamy and Makaroff 
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1993), although sequences hybridizing to an orfl38 probe are present in 
normal cytoplasm radish and several Brassica species (Krishnasamy and 
Makaroff 1993). Like many examples of CMS-associated genes, orfl38 is 
cotranscribed with a 3' gene, which in this case is a gene designated orfB 
(Bonhomme et al. 1992; Krishnasamy et al. 1994). Transcripts of orfl38 
are not edited (Krishnasamy and Makaroff 1994). Orfl38 encodes a 19- 
20-kDa polypeptide, which is membrane-associated, and may occur in 
multimers (Grelon et al. 1994; Krishnasamy and Makaroff 1994). ORF138 
is readily detected in roots and leaves, and anthers, petals, sepals and 
ovaries of sterile radish flower buds contain about equally abundant 
levels of the protein (Krishnasamy and Makaroff 1994), indicating that 
the product is not deleterious in these somatic tissues. Fertility restora- 
tion has no effect on orfl38-orfB transcript patterns (Bonhomme et al. 
1992; Krishnasamy and Makaroff 1994), but the abundance of ORF138 is 
dramatically reduced in flowers and leaves of restored plants (Krishna- 
samy and Makaroff 1994). 

polima, or pol Cytoplasm, The polima, or pol source of CMS in Brassica 
includes an mtDNA configuration including the open reading frame 
orf224 (Singh and Brown 1991; Handa and Nakajima 1992; Handa et al. 
1995). The open reading frame is chimeric, consisting of 58 codons from 
orfB, 43-bp derived frome exon 1 of rps3 (Hada et al. 1995), and se- 
quences of unknown origin. Transcripts of orf224 are edited at a single 
site within the rps3 sequence-derived region (Stahl et al. 1994; Handa et 
al. 1995). Orf224 is positioned 5’ to the cotranscribed atp6. Fertility res- 
toration by action of Rfpl results in the appearance of novel transcripts 
(Singh and Brown 1991; Witt et al. 1991), which were shown to be proc- 
essed with 5' termini within orf224, releasing monocistronic atp6 tran- 
scripts (Singh and Brown 1991, 1993). The processing activity is less 
efficient in floral tissue than in seedling tissues (Singh and Brown 1993). 
Two restorer genes, Rfpl and Rfp2y have identical effects on transcrip- 
tion (Singh and Brown 1991), and are probably alleles (Jean et al. 1997). 

napus, or nap Cytoplasm, An extraordinary observation has been put 
forward regarding the nature of sequences associated with male sterility 
of the pol and nap (B, napus) cytoplasms. The nap cytoplasm does not 
induce male sterility in most nuclear backgrounds, but is male-sterile in 
selected backgrounds (L'Homme and Brown 1993; L’Homme et al. 1997). 
Sequences of orf224 were detected in nap cytoplasm plants (L'Homme 
and Brown 1993), and subsequent isolation and sequencing of nap 
mtDNA revealed the chimeric open reading frame orf222, with remark- 
able similarity to pol orf224 (L'Homme et al. 1997). 

Sequences of orf222 are 85% identical to that of orf224y including 5' sequences of orfB. 
Translation of orf222 revealed 79% similarity to orf224. Similar to the pol configuration, 
orf222 is co-transcribed with other genes located 3', in this case the trans- spliced exon c 
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of nad5 and an open reading frame designated orfl39. Fertility restoration influences 
transcripts of this region. 



tour, or B. tournefortii Cytoplasm, A chimeric mtDNA orf associated 
with CMS in Brassica carrying the B, tournefortii cytoplasm, orf263, has 
been described (Landgren et al. 1996). Orf263 is positioned 5' to atp6, 
and consists of sequences highly similar to the 5' end of exon a of nadS, 
sequences found 3* to apt9 in Raphanus, and sequences of unknown 
origin. Transcripts spanning atp6 and orf263 were not observed in pa- 
rental B, tournefortii, but were apparent in two male-sterile lines carry- 
ing the tour cytoplasm. A 29-kDa-polypeptide, which may correspond to 
the orf263 gene product, was detected in male-sterile lines with the tour 
cytoplasm, but not present in B. tournefortii, consistent with the differ- 
ential transcription patterns. 



5) Phaseolus 

CMS in common bean derived from the cytoplasm of the line G08063 
has several unusual features. Investigations of spontaneous revertants to 
male fertility and of fertility restoration by the gene Fr indicated that 
mtDNA was rearranged in both cases (Mackenzie et al. 1988), which was 
shown to be a deletion (Mackenzie and Chase, 1990). This possible 
mechanism of fertility restoration is unprecedented in higher plants. 
Transcripts characteristic of the deleted region were lost in revertants or 
lines restored to fertility by Fr (Mackenzie and Chase 1990). 

The deleted region, designated pvs, is 3736 bp, and includes several open reading frames, 
including orf239 (Chase and Ortega 1992; Johns et al. 1992). Sequences of orf239 are of 
unknown origin. The source of this male-sterile cytoplasm, G08063, is male-fertile, and 
thus carries the requisite RF gene; this gene, designated Fr2, does not cause mtDNA 
deletions (Mackenzie 1991), nor alters transcripts of the pvs region (Mackenzie and 
Chase 1990; Chase 1994). 

Antibody to part of ORF239 indicated that orf239 is expressed at very low levels in 
most tissues, but the polypeptide could be detected in ovules, mitochondria of pollen 
mother cells, and the callose layer and developing primary cell walls of microspores 
(Abad et al. 1995). Tobacco plants transformed with orf 239 were characterized by pres- 
ence of ORF239 in the cell wall of aberrant developing microspores, and all male-sterile 
plants among the transgenic progeny carried detectable ORF239 (He et al. 1996). 



8) Petunia 

CMS in petunia (reviewed in: Conley and Hanson 1995; Hanson et al. 
1995) is characterized by the presence of the chimeric orf pc/ (petunia 
CMS associated /ised gene) which consists of portions of mitochondrial 
respiratory complex genes {atp9 and cox2) and sequences of unknown 




Male Sterility in Higher Plants - Fundamentals and Applications 



151 



origin (Young and Hanson 1987). The pc/ gene is positioned 5' to, and 
cotranscribed with nad3-rpsl2\ transcription is driven by three initia- 
tion sites (Hanson et al. 1988; Rasmussen and Hanson 1989; Pruitt and 
Hanson 1991). Transcription of pc/ appears to be regulated in a tissue- 
specific manner, since transcript abundance in anthers is about four to 
five times higher than in leaves (Young and Hanson 1987). 

The petunia Rf restorer gene reduces the abundance of the smallest pcf transcript in 
anthers (Pruitt and Hanson 1991). Pc/ is translated into a 25kDa peptide designated 
URF-S. Since URF-S does not contain ATP9 or COX2 sequences, it apparently results 
from protein processing (Nivison and Hanson 1989; Nivison et al. 1994). Tissue-print 
immunoblots revealed URF-S to be abundant in sterile plants, but absent in fertile 
isonuclear lines. Near-isonuclear plants restored to fertility exhibit low levels of URF-S 
(Conley et al. 1991). In experiments with transgenic plants CMS was not induced by the 
presence of pcf. This may suggest that expression of pc/ early in meiosis may be critical 
for the action of the URF-S protein (Wintz et al. 1995). Alternatively, the presence of 
URF-S may be necessary, but not sufficient, to cause CMS. 



^) Sunflower 

CMS in H. annuus carrying the K petiolaris, or PETl cytoplasm is asso- 
ciated with the mitochondrial chimeric open reading frame orfH522y 
which is cotranscribed with the 5’ gene atpl (Kohler et al. 1991; Laver et 
al. 1991). OrfH522 is chimeric, including ten codons duplicated from 
orfB (Kohler et al. 1991; Laver et al. 1991). 

RNA editing of transcripts includes two C-to-U modifications, changing two predicted 
amino acids, and fertility restoration has no effect on editing frequency (Laver et al. 
1991). Fertility restoration also has no affect on atpl-orfH522 transcript patterns in 
seedling tissues (Kohler et al. 1991; Laver et al. 1991). 

A novel 15-16-kDa polypeptide was identified in polypeptide synthesis 
patterns from isolated mitochondria, and abundance of the protein 
showed little or no variation in mitochondria isolated from seedlings of 
restored lines (Horn et al. 1991; Laver et al. 1991). The protein was 
shown to be the orfH522 product (Horn et al. 1996; Moneger et al. 1994). 

Expression of orfH522, uniquely among CMS-related genes, exhibits 
tissue-specific regulation associated with fertility restoration. The abun- 
dance of transcripts encoding orfH522 and atpl was shown to be re- 
duced in florets of restored lines, associated with a decrease in abun- 
dance of the gene product (Moneger et al. 1994). In situ hybridization 
demonstrated that the reduction in abundance of transcripts localized to 
meiotic cells (Smart et al. 1994). 
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T|) Other CMS Systems 

A chimeric mtDNA open reading frame, orf256y is associated with CMS 
in Triticum aestivum carrying the T, timopheevi cytoplasm (Rathburn 
and Hedgcoth 1991; Song and Hedgcoth 1994a). The open reading frame 
consists of sequences duplicated from the coding and 5' sequences of 
coxly and sequences of unknown origin. Orf256 is weakly transcribed in 
T, timopheeviy but has abundant transcripts in the T, aestivum back- 
ground. Antibody to the polypeptide predicted by orf256 detected a 
novel 7 kDa protein in male-sterile lines, but not in lines restored to 
fertility (Song and Hedgcoth 1994b). 

Nuclear-controlled RNA processing events are associated with the expression of the 
T. timopheevi male-sterile cytoplasm. The gene regions coding for atpl and apt9 exhibit 
identical DNA sequences in wheat, rye, and the intergenic hybrid triticale (x Tritico secale 
Wittmack). However, cotranscripts containing these genes show different sizes depend- 
ing on the nuclear genotype (Laser and Kiick 1995), which probably results from differ- 
ential processing All wheat lines contain a 2.6-kb atpl-atp9 mRNA. In rye and five 
triticale lines an additional 2.35 kb-mRNA is present. The processing event occurs more 
frequently in those triticale lines which carry the Triticum timopheevi cytoplasm. This 
may indicate a better interaction of trans-acting factors from rye with the cytoplasm 
from T. timpheevi. Interestingly, this cytoplasm causes CMS in alloplasmic wheat, but not 
in triticale. 

MtDNA of the male-sterile Chinsurah Boro II cytoplasm of rice is asso- 
ciated with rearrangements 3’ to one of two copies of atp6y including 
sequences similar to coxl (Iwabuchi et al. 1993), which was shown to 
include an orf designated orf79 (Akagi et al. 1994). The amino terminus 
of the predicted orf79 gene product is derived from the coxl sequence, 
and the carboxy terminus is highly similar to that predicted for sorghum 
orf 107 (see Sect. 2.b.(3). Fertility restoration by the gene Rf-1 is associ- 
ated with an unusual endonucleolytic transcript processing activity, 
which apparently processes an atp6-orf79 cotranscript into a monocis- 
tronic atp6 transcript and a shorter transcript that may include orf79 
(Iwabuchi et al. 1993; Akagi et al. 1994). 

A role of RNA editing was invoked in the restoration of fertility in this system. Examina- 
tion of cDNAs from part of B-atp6 indicated that editing frequency in the non-processed 
co-transcript was less frequent than in the processed, monocistronic B-atp6 transcript 
resulting from action of Rf-1 (Iwabuchi et al. 1993). These observations are consistent 
with the postulated effects of fertility restoration on editing of atp6 in anthers of sor- 
ghum (see Sect. 2.b.p). 
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c) Fertility Restoration Genes in CMS 
a) Enigmas of CMS 

Why is the Deleterious Effect of CMS-Associated Genes or orfs Tissue- 
specific? One of the enigmas of current knowledge of CMS is the question 
of why expression of these genes is not deleterious in nonreproductive 
cells. In only one case is there suggestive evidence that the gene product, 
a priori, indeed may be toxic. The frequency with which maize T-urfl3 is 
spontaneously deleted in maize callus tissue culture was forwarded as 
indicating that expression may confer a competitive disadvantage (Pring 
et al. 1988), and toxicity of URF13 expressed in bacteria, and insect cell 
cultures or larvae, led to the conclusion that the protein was toxic in a 
variety of organism (Levings 1993). 

Expression of a cms-related, deleterious, gene at only microsporongenesis has been ob- 
served in one case, which could represent a rational explanation for deleterious events in 
reproductive tissues. In this example, common bean ORF239, the protein is primarily 
expressed in microspore cell walls, the callose layer, and mitochondria of pollen mother 
cells (Abad et al. 1995). 

Several examples indicate that RF genes can exert marked effects in ex- 
pression of ordinary or cms-related genes in reproductive tissues. The 
depressed frequency of atp6-specific editing in anthers of male-sterile 
sorghum is returned to normal levels by fertility restoration (Howard 
and Kempken 1997b). RF genes have also been shown to confer reduc- 
tion in the abundance of radish ORF138 (Krishnasamy and Makaroff 
1994) and decreased abundance of sunflower orfH522 transcripts (Smart 
et al. 1994) and the gene product (Moneger et al. 1994). 

Another explanation is the assumption that a high demand for energy exists specifically 
during early pollen development, which is based on the dramatic increase in mitochon- 
dria number observed in tapetal and microspore mother cells of T-cytoplasm maize 
during microsporogenesis (Warmke and Lee 1978; Lee and Warmke 1979). A putative 
deleterious effect of a cms-related gene may not be sufficient to cause lesions in nonre- 
productive tissues, while energy demand in tapetal and microspore mother cells may 
represent a stress condition that allows a deleterious effect. This model is similar to what 
is believed to happen in certain mitochondrially inherited human diseases (Grossman 
and Shoubridge 1996). 

Are RF Genes Linked to Other Genes Influencing Mitochondrial Expres- 
sion, or Alleles? The identification of the gene product of maize Rf2, 
ALDH, has ramifications in understanding the nature of Rf genes. Criti- 
cally, the line carrying the reference, nonrestoring rf2 allele displayed a 
transcript the same size as lines with Rf2 (Cui et al. 1996), and a mito- 
chondrial protein was detected in this line with antibodies to the Rf2 
protein (P.S. Schnable, pers. comm.). These observations indicate the 
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distinct possibility of a metabolic role of ALDH in microsporogenesis in 
lines carrying T-urfl3. The abundance of URF13 is reduced 80% in lines 
carrying Rfl (Dewey et al. 1987), but presence of Rf2, the possible ALDH, 
is required for restoration. The recessive, nonrestoring rf2 allele may 
encode a defective ALDH, unable to ameliorate damage associated with 
URF13, even in lines with the R/i -reduced abundance of URF13. The 
recessive rf2 allele may allow the accumulation of toxic levels of acetal- 
dehyde and alcohol, which could be critical to tapetal cells during mi- 
crosporogenesis (Cui et al. 1996; Levings 1996). 

The possibility that nuclear genes conferring the restoration of male 
fertility may be linked to genes influencing expression of normal genes, 
or may represent alleles, has recently emerged. Two of the examples 
reflect alterations in transcript patterns, probably through nucleolytic 
processing. 

The possibility of linkage of RF genes and genes affecting transcrip- 
tion of mtDNA genes was first raised by Makaroff (1995), who observed 
that many lines that restored fertility to the Ogura male-sterile radish 
cytoplasm also conferred atpl transcript alterations. 

Compelling evidence for such a linkage was observed by Singh et al. (1996) regarding the 
linkage of Rfph which restores fertility of the pol cytoplasm, and a gene designated Mmf, 
which influences transcript modification of two other mtDNA regions. In this case the 
recessive rfpl allele, or a tightly linked Mmt, modified transcripts of nad4 and a gene 
involved in cytochrome c biogenesis. Linkage of the sorghum gene Rf3y which regulates 
nucleolytic processing within sorghum orfl07 (Tang et al. 1996b), and a gene designated 
Mmtly which similarly confers enhanced processing of transcripts 5' to sorghum urf209 
(Tang et al. 1996a), has recently been described (H. V. Tang et al., submitted). Interest- 
ingly, a trace basal level of processing was observed in rf3rf3MmtlMmt lines; that the two 
activities are separable was obtained through the identification of rf3rf3MmtlMmtl lines 
(H. V. Tang et al., submitted). Recently, four RF genes in Phaseolus were assigned to the 
same linkage group, and two were shown to be allelic with a gene designated Fr2; the 
fourth gene, Fr, is postulated to have been derived by mutation (Jia et al. 1997). 

In the sorghum (H. V. Tang et al., submitted), Brassica (Singh et al. 1996) 
and Phaseolus (Jia et al. 1997) examples, characteristics of the systems 
under study raised the possibility of allelism, or evolution of the RF 
genes from a common ancestor. 

The RF gene Rf3 is tightly linked to Mmtl in IS1112C sorghum. The line Tx7000 is 
rf3rf3Mmtl Mmtly and is thus a maintainer line that does process transcripts 5' to urf209. 
If these genes are alleles, the Tx7000 allele could be considered a normal gene, conferring 
transcript processing 5' to urf209 as part of a transcript maturation process. The Rf3 
allele is infrequent, whereas Mmtl occurs frequently among sorghum lines examined to 
date, indicating that the ISl 1 12C allele could have evolved such that it acquired the addi- 
tional capability to process orfl07 transcripts (Tang et al. 1996b; H. V. Tang et al., sub- 
mitted). The absence of orfl07 in lines other than IS1112C might be explained by the lack 
of selective pressure for modification of the RF gene in these lines. Thus, with respect to 
orfl07 processing they are maintainers of CMS. 
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P) New Clues to an Old Hypothesis 

Although CMS has been extensively studied, the mechanisms of pollen 
abortion still represent a number of enigmas. Several recent develop- 
ments in the biology of CMS in maize are relevant to the modeling of 
mechanisms of CMS. Based on observations of the effects of host- 
specific fungal toxins on T cytoplasm maize mitochondria, Flavell hy- 
pothesized that an anther-specific substance could mimic the effect of 
the host- specific toxins, interacting with "structures altered by cyto- 
plasmically inherited mutations" (Flavell 1974). As discussed above, the 
specific interaction of the host- specific toxins with URF13 and the resul- 
tant permealization of the inner mitochondrial membrane is well docu- 
mented (Levings and Siedow 1992; Levings 1993; Rhoads et al. 1995; 
Levings et al. 1995). A tapetum-specific synthesis of a compound that 
mimics the action of the fungal toxins has been invoked (Cui et al. 1996; 
Levings 1996), based on the observation that maize Rf2 may encode an 
aldehyde dehydrogenase (ALDH; Cui et al. 1996). Interestingly, high 
ALDH expression levels have recently been shown to accompany pollen 
development in tobacco (op den Camp and Kuhlemeier 1997; Tadege 
and Kuhlemeier 1997). Cumulatively, these observations are consistent 
with the possibility that an anther- specific substance may interact with 
URF13, causing mitochondrial membrane disruption, invoking a possi- 
ble role of ALDH in ameloriation of these events (Cui et al. 1996). A 
candidate for such an anther-specific substance, which affects respira- 
tion of cms T mitochondria and E. coli expressing URF13, may have 
been identified (Levings 1996). 

Actions of Rfl and Rf2 result in decreased URF13 abundance (Dewey 
et al. 1987) and probable enhanced repair capabilities (Cui et al. 1996), 
allowing diploid tapetal cells to function in microsporogenesis. It is in- 
teresting to note that one gene decreases abundance of the deleterious 
mtDNA gene product and that the second gene possibly ameloriates the 
effects of the mtDNA gene product. Neither reduced URF13 abundance 
nor apparent functional ALDH activity alone is sufficient to restore 
normal tapetal function, in that lines that are RflRflrf2rf2 or 
rflrflRf2Rf2 are sterile. It is important to note that restoration is sporo- 
phytic, wherein the genotype of the sporophyte, and not the gamete, 
determines pollen viability. Plants carrying RflrflRf2rf2 shed 100% vi- 
able pollen, in spite of the fact that gametes can be recessive for one or 
both genes, such as pollen carrying Rflrf2, rflRf2, and rflrf2. Thus, a 
potentially deleterious substance invoked for T cytoplasm maize has no 
effect after the second meiotic division, when haploids are present, im- 
plicating the diploid tapetum, microspore mother cell, or dyads as pri- 
mary sites of action. 
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An extension of Flavell's (1974) hypothesis to cms systems with a gametophytic mode of 
restoration invokes a postmeiotic synthesis and appearance of a deleterious substance(s) 
at the microspore or pollen stage. In gametophytic systems such as S cytoplasm maize 
(Gabay-Laughnan et al. 1995), A3 cytoplasm sorghum (Tang et al., submitted) and the Bo 
rice cytoplasm (Iwabuchi et al. 1993), segregation for sterility-fertility occurs at the hap- 
loid, pollen level. In the maize and rice single-gene examples, RF effects are manifested 
by transcription aberrations of cms-associated orfs (Zabala et al. 1997; Iwabuchi et al. 
1993; Akagi et al. 1994), which mimic the effect of maize Rfl (Dewey et al. 1987; Kennel 
and Pring 1989) and may be associated with a reduction in abundance of the putative 
gene products. The sorghum A3 example similarly indicates a transcriptional aberration 
associated with one RF gene, but a function for the second required gene has not been 
determined (H. V. Tang et al., submitted), and may involve anther- specific loss of RNA 
editing (Howad and Kempken 1997b). 



3 Artificial Male Sterility in Transgenic Plants 



In recent years, many strategies have been published to genetically engi- 
neer male sterility. These approaches are particularly useful where CMS 
systems are not available. Some of the most promising approaches are 
discussed below. 



a) Tapetum/Pollen-Specific Gene Expression 

Pollen ablation may be caused by anther specific expression of ribonu- 
cleases. Mariani et al. (1990, 1992) made use of Barnase, a gene for an 
extracellular RNase from Bacillus amyloliquefaciens. This bacterium 
uses the Barnase as a defense system against competing bacteria. B. 
amyloliquefaciens also expresses Barstar, a specific inhibitor of Barnase. 

The Barnase gene was fused to a tapetum-specific promoter (TA29) from tobacco and 
this RNase was specifically expressed in tapetal cells of transformants. As a consequence 
these cells were ablated and no pollen was produced. More importantly, a second con- 
struct using the same promoter but fused to the Barstar inhibitor, did not cause tapetum 
ablation. Instead, this construct inhibited Barnase activity in a dominant way and thus 
behaved as a restorer gene. The tapetum specific promoter TA29 is correctly regulated in 
many monocots and dicots (Mariani et al. 1992) and this system is therefore useful in a 
wide variety of plants. 

In a similar strategy the Osg6B promoter from rice fused to an endo-p- 
1,3-glucanase was employed. This gene is pathogenesis-related and was 
previously identified from soybean. The construct was transformed into 
tobacco, and during formation of tetrads it was expressed in the tapetum 
cells, leading to a significant reduction of the number of fertile pollen 
(Tsuchiya et al. 1995). In addition, a number of other approaches in- 
clude the use of another glucanase (Worrall et al. 1992), antisense inhi- 
bition of flavonoid biosynthesis in tapetum cells (van der Meer et al. 
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1992), and an engineered increase in auxin activity in the anther (Spena 
et al. 1992). 

Yet another strategy is based on induction of male sterility by tapetum-specific deacety- 
lation of externally applied nontoxic N-acetyl-L-phosphinothricin (Kriete et al. 1996). 
The N-acetyl-L-ornithine deacetylase from E. coli was fused to the tobacco TA29 
tapetum-specific promoter. Application of externally applied N-acetyl-L-phosphinothri- 
cin led to empty anthers without pollen. This system is easy to handle and may be ap- 
plied to many different crops. Since male sterility is induced only in the presence of N- 
acetyl-L-phosphinothricin, no fertility restoration is required in the Fj. 



b) A Peptide from a CMS-Related orf May Cause Male Sterility 
in Transgenic Tobacco 

In CMS common bean, a novel 3736-bp mitochondrial DNA sequence of 
unknown origin, designated pvs, is present in male-sterility lines (Chase 
and Ortega 1992; Johns et al. 1992). Within the sequence is an open 
reading frame, orf239 which is translated into a 27-kDa polypeptide that 
is present in reproduction tissues only. Interestingly the protein is found 
to localize to the callose layer and primary cell wall of developing pollen, 
although it is of mitochondrial origin (Abad et al. 1995). It is believed 
that the ORF239 protein interferes with normal pollen development and 
thus causes CMS in common bean. In a transgenic approach, the orf239 
sequence was transferred into tobacco. Several transformants exhibited 
a semisterile or male-sterile phenotype, regardless of whether or not a 
mitochondrial targeting sequence was used (He et al. 1996). These ex- 
periments demonstrate the potential use of CMS-specific orfs to gener- 
ate male sterility. However, many open questions remain to be an- 
swered, such as how a mitochondrial encoded protein is transported to 
the callose layer. 



c) Targeting of Unedited ATP9 into Plant Mitochondria 

An approach toward male sterility might involve the use of unedited 
proteins targeted to plant mitochondria (Hernould et al. 1993). RNA 
editing is an important processing step for almost all mitochondrial 
transcripts of higher plants and results in predicted amino acid se- 
quences that are conserved in many mitochondrial genes in animals and 
fungi (Covello and Gray 1989; Gualberto et al. 1980; Hiesel et al. 1989; 
reviewed in: Pring et al. 1993; Maier et al. 1996; see also Sect. 2.b.(3). 

A French group succeeded in targeting an unedited ATP9 protein into 
mitochondria of transgenic tobacco (Hernould et al. 1993). They fused 
the genomic, unedited sequence of atp9 from wheat to a yeast coxIV 
import sequence, and the construct was introduced into tobacco. In 
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wheat, RNA editing occurs at six positions in the atp9 transcript (Begu et 
al. 1990; Nowak and Kiick 1990). About 50% of the transformants were 
either semi or fully male sterile. In the remaining transformants, which 
were male-fertile, no expression of the construct was observed. It is as- 
sumed that the unedited ATP9 protein competes with edited ATP9 for 
assembly in the ATPase complex. Alternatively, one may speculate 
that the imported unedited ATP9 may insert into the inner membrane 
and form proton channels which disrupt the gradient (Remould et al. 
1993). 

Recently it was demonstrated that an antisense atp9 sequence may be used to restore 
fertility in plants expressing unedited ATP9 protein. F, plants produced up to 80% of 
normal pollen levels, and seed yield was 2.4 g of seed per plant compared to 3 g found for 
fertile plants (Zabaleta et al. 1996). These results demonstrate the potential usefulness of 
the technique to generate male-sterile plants which regain fertility in the F,. 



4 Conclusions 

The analysis of anther development is yet in its beginning. However, as 
an important step toward understanding this developmental process, the 
genes which control flower formation were identified, and, particularly 
in Arabidopsis thaliana^ a number of mutants have been identified. This 
will allow a molecular approach into anther and pollen development. 

As shown above, recent developments in cytoplasmic-nuclear male 
sterility have led to a much better understanding of how the formation 
of chimeric orfs may occur and contribute to CMS. However, CMS may 
have other causes as well, e.g. reduced transcript editing of normal, 
constitutive genes (Ho wad and Kempken 1997b). 

A unique feature of CMS is that expression of the trait is influenced 
by nuclear RF genes, and the current state of knowledge reveals several 
possible leads to the possible origins of these genes. One of the most 
potentially important observations, derived from the maize Rf2 data, is 
that an RF gene may represent a common wild-type gene, and that the 
non-restoring allele may be defective in some manner. Alternatively, the 
possibility that a mutation in a transcript processing gene may have 
coevolved with chimeric orf formation, thus generating a restorer allele, 
is indicated by several examples of possible alleslism of RF genes. 

While until recent years, breeders were forced to use naturally occur- 
ring CMS systems, the invention of gene technology now allows other, 
more targeted approaches as well. In this review we have listed some of 
the major advances in this field. Particularly strategies such as the 
tapetum-specific deacetylation of externally applied non-toxic N-acetyl- 
L-phosphinothricin (Kriete et al. 1996) appear to be very tempting, since 
there fertility restoration is not necessary because sterility occurs only 




Male Sterility in Higher Plants - Fundamentals and Applications 



159 



after appropriate chemical treatment. It has yet to be seen which of these 
approaches will lead to large scale applications in plant breeding. 

Acknowledgments. The authors thank Mrs. Alexandra Wakenhut for help with typing the 
manuscript. The laboratory work of the authors was funded by Cooperative Investiga- 
tions, U. S. Department of Agriculture- Agriculture Research Service and Institute of Food 
and Agricultural Sciences, University of Florida to D.R.P. and a grant from the Deutsche 
Forschungsgemeinschaft (Ke409/3-3) To F. K. 



References 

Aarts MGM, Dirkse WG, Stiekema WJ, Pereira A (1993) Transposon tagging of a male 
sterility gene in Arabidopsis. Nature 363:715-717 

Aarts MGM, Hodge R, Kalantidis K, Florack D, Wilson ZA, Mulligan BJ, Stiekeman WJ, 
Scott R, Pereira A (1997) The Arabidopsis MALE STERILITY 2 protein shares similar- 
ity with reductases in elongation/condensation complexes. Plant J 12:615-623 

Abad AR, Mehrtens BJ, Mackenzie SA (1995) Specific expression in reproductive tissues 
and fate of a mitochondrial sterility-associated protein in cytoplasmic male-sterile 
bean. Plant Cell 7:271-285 

Akagi H, Sakamoto M, Shinjyo C, Shimada H, Fujimura T (1994) A unique sequence 
located downstream from the rice mitochondrial atp6 may cause male sterility. Curr 
Genet 25:52-58 

Albertsen MC, Palmer RG (1979) A comparative light- and electron-microscopic study of 
microsporogenesis in male sterile (msl) and male fertile soybeans. Am J Bot 66:253- 
265 

Albertsen MC, Phillips RL (1981) Developmental cytology of 13 genetic male sterile loci 
in maize. Can J Genet Cytol 23:195-208 

Allison DC, Fisher WD (1964) A dominant gene for male sterility in upland cotton. Crop 
Sci 4:548-549 

Bailey-Serres J, Hanson DK, Fox TD, Leaver CJ (1986) Mitochondrial genome rearrange- 
ment leads to extension and relocation of the cytochrome c oxidase subunit I gene in 
sorghum. Cell 47:567-576 

Beals TP, Goldberg RB (1997) A novel cell ablation strategy blocks tobacco anther dehis- 
cence. Plant Cell 9:1527-1545 

Begu D, Graves PV, Domec C, Arselin G, Litvak S, Araya A (1990) RNA editing of wheat 
mitochondrial ATP synthase subunit 9: direct protein and cDNA sequencing. Plant 
Cell 2:1283-1290 

Bonhomme S, Budar R, Ferault J, Pelletier G (1991) A 2.5 kb Ncol fragment of Ogura 
radish mitochondrial DNA is correlated with cytoplasmic male sterility in Brassica 
cybrids. Curr Genet 19:121-127 

Bonhomme S, Budar F, Lancelin D, Small I, Defrance MC, Pelletier G (1992) Sequence 
and transcript analysis of the Nco2.5 Ogura-specific fragment correlated with cyto- 
plasmic male-sterility in Brassica cybrids. Mol Gen Genet 235:340-348 

Bonner LJ, Dickinson HG (1989) Anther dehiscence in Lycopersicon esculetum. I. Struc- 
tural aspects. New Phytol 113:97-115 

Bowman JL, Smyth DR, Meyerowith EM (1989) Genetic directing flower development in 
Arabidopsis. Plant Cell 1:37-52 

Braun CJ, Siedow JN, Levings CS III (1990) Fungal toxins bind to the URF-13 protein in 
maize mitochondria and Escherichia coli. Plant Cell 2:153-161 

Chase CD (1994) Expression of CMS-unique and flanking mitochondrial DNNA se- 
quences in Phaseolus vulgaris L. Curr Genet 25:245-251 




160 



Genetics 



Chase CD, Ortega VM (1992) Organization of ATPA coding and 3' flanking sequences 
associated with cytoplasmic male sterility in Phaseolus vulgaris L. Curr Genet 22:147- 
153 

Chaudhury AM (1993) Nuclear genes controlling male fertility. Plant Cell 5:1277-1283 
Chaudhury AM, Craig S, Farell L, Bloemer K, Dennis ES (1992) Genetic control of male 
fertility in higher plants. Aust J Plant Physiol 19:419-425 
Chaumont F, Bernier B, Buxant R, Williams ME, Levings CS III, Boutry M (1995) Target- 
ing the maize T-urfl3 product into tobacco mitochondria confers methomyl sensitiv- 
ity to mitochondrial respiration. Proc Natl Acad Sci USA 92:1 167-1 171 
Chen YC, McCormick S (1996) sidecar pollen, an Arabidopsis thaliana male gameto- 
phytic mutant with abberant cell divisions during pollen development. Development 
Suppl 122:3243-3253 

Coen ES (1992) Flower development. Curr Opin Cell Biol 4:929-933 
Conley CA, Hanson MR (1995) How do alterations in plant mitochondrial genomes 
disrupt pollen development? J Bioenerg Biomemb 27:447-457 
Conley CA, Nivison HT, Wilson RK, Hanson MR (1991) Localization of mitochondrial 
proteins in tissue prints of cytoplasmic male sterile (cms) and fertile Petunia lines. J 
Cell Biol 115:300A 

Covellos PS, Gray MW (1989) RNA editing in plant mitochondria. Nature 341:662-666 
Cui X, Wise RP, Schnable PS (1996) The rf2 nuclear restorer gene of male-sterile T- 
cytoplasm maize. Science 272:1334-1336 

Dawson J, Wilson ZA, Aarts MGM, Braithwaite A, Briarty LGB, Mulligan BJ (1993) Mi- 
crospore and pollen development in six male-sterile mutants of Arabidopsis thaliana. 
Can JBot 71:629-638 

Dewey RE, Levings CS III, Timothy DH (1986) Novel recombinations in the maize mito- 
chondrial genome produce a unique transcriptional unit in the Texas male-sterile 
cytosplasm. Cell 44:439-449 

Dewey RE, Timothy DH, Levings CS III (1987) A unique mitochondrial protein associ- 
ated with cytoplasmic male sterility in the T cytoplasm of maize. Proc Natl Acad Sci 
USA 84:5374-5378 

Dewey RE, Timothy DH, Levings CS III (1991) Chimeric mitochondrial genes expressed 
in the C male-sterile cytoplasm of maize. Curr Genet 20:475-482 
Dill CL, Wise RP, Schnable PS (1997) Rf8 and Rf’^ mediate unique T-urfl 3-transcript 
accumulation, revealing a conserved motif associated with RNA processing and resto- 
ration of fertility restoration in T-cytoplasm maize. Genetics 147:1367-1379 
Duvick DN (1965) Cytoplasmic pollen sterility in corn. Adv Genet 13:1-56 
Esau K (1977) Anatomy of Seed Plants. Wiley, New York 

Escote LJ, Gabay-Laughnan SJ, Laughnan JR (1985) Cytoplasmic reversion to fertility in 
cms-S maize need not involve loss of linear mitochondrial plasmids. Plasmid 14:264- 
267 

Estelle MA, Somerville CR (1987) Auxin- resistant mutants of Arabidopsis with an altered 
morphology. Mol Gen Genet 206:200-206 

Flavell R (1974) A model for the mechanism of cytoplasmic male sterility in plants, with 
special reference to maize. Plant Sci Lett 3:259-263 
Gabay-Laughnan S, Zabala G, Laughnan JR (1995) S-type cytoplasmic male sterility in 
maize. In: Levings CS III, Vasil IK (eds) The molecular biology of plant mitochondria. 
Kluwer, Dordrecht, pp 395-432 

Goldberg R, Beals TP, Sanders PM (1993) Anther development: basic principles and 
practical applications. Plant Cell 5:1217-1229 
Grelon M, Budar F, Bonhomme S, Pelletier G (1994) Ogura cytoplasmic male-sterility 
(CMS)-associated orfl38 is translated into a mitochondrial membrane polypeptide in 
male-sterile Brassica cybrids. Mol Gen Genet 243:540-547 
Grossmann LI, Shoubridge EA (1996) Mitochondrial genetics and human disease. Bioes- 
says 18:983-991 




Male Sterility in Higher Plants - Fundamentals and Applications 



161 



Gualberto JM, Lamattina L, Bonnard G, Weil JH, Grienenberger JM (1989) RNA editing 
in wheat mitochondria results in the conservation of protein sequences. Nature 
341:660-662 

Handa H, Nakajima K (1992) Different organization and altered transcription of the 
mitochondrial atp6 gene in the male-sterile cytoplasm of rapeseed (Brassica napus 
L.). Curr Genet 21:153-159 

Handa H, Gualberto JM, Grienenberger JM (1995) Characterization of the mitochondrial 
orfB and its derivative orf224 a chimeric open reading frame specific to one mito- 
chondrial genome of the Polima male-sterile cytoplasm in rapeseed {Brassica napus 
L.). Curr Genet 28:546-552 

Hanson MR, Younr EG, Rothenberg M (1988) Sequence and expression of a fused mito- 
chondrial gene, associated with Petuni cytoplasmic male sterility, compared with 
normal mitochondrial genes in fertile and sterile plants. Philos Trans R Soc Lond 
319:199-208 

Hanson MR, Folkerts O (1992) Structure and function of the higher plant mitochondrial 
genome. Int Rev Cytol 141:129-172 

Hanson MR, Nivison HT, Conley MR (1995) Cytoplasmic male sterility in Petunia. In: 
Levings CS III, Vasil IK (eds) The Molecular Biology of Plant Mitochondria. Kluwer, 
Boston, pp 497-514 

He S, Abad AR, Gelvin SB, Mackenzie S (1996) A cytoplasmic male sterility-associated 
mitochondrial protein causes pollen disruption in transgenic tobacco. Proc Natl Acad 
Sci USA 93:11763-11768 

Hernould M, Shuharsono S, Litvak S, Araya A, Mouras A (1993) Male sterility induction 
in transgenic tobacco plants with an unedited apt9 mitochondrial gene from wheat. 
Proc Natl Acad Sci USA 90:2370-2374 

Hiesel R, Wissinger B, Schuster W, Brennicke A (1989) RNA editing in plant mitochon- 
dria. Science 246:1632-1634 

Horn R, Kohler RH, Zetsche K (1991) A mitochondrial 16 kDa protein is associated with 
cytoplasmic male sterility in sunflower. Plant Mol Biol 17:29-36 
Horn R, Hahn V, Friedt W (1994) Recombination: Effects on structure and function of 
the mitochondrial genome. Prog Bot 55:219-235 
Horn R, Hustedt JEG, Horstmeyer A, Hahnen A, Zetsche K, Friedt W (1996) The CMS- 
associated 16-kDa protein encoded by orfH522 in the PETl cytoplasm is also present 
in other male-sterile cytoplasms of sunflower. Plant Mol Biol 30:523-538 
Houchins JP, Ginsburg H, Rohrbaugh M, Dale RMK, Schardl CL, Hodge TP, Lonsdale 
DM (1986) DNA sequence analysis of a 5.27-kiolobase repeat occurring adjacent to 
the regions of S-episome homology in maize mitochondria. EMBO J 5:2781-2788 
Howad W, Kempken F (1997a) Sequence analysis and transcript processing of the mito- 
chondrial nad3-rpsl2 genes from Sorghum bicolor. Plant Sci 129:65-68 
Howad W, Kempken F (1997b) Cell-type specific loss of atp6 RNA editing in cytoplasmic 
male sterile Sorghum bicolor. Proc Natl Acad Sci USA 94:1 1090-1 1095 
Hu J, Rutger JN (1992) Pollen characteristics and genetics of induced and spontaneous 
genetic male-sterile mutants in rice. Plant Breed 109:97-107 
Hulskamp M, Parekh NS, Grini P, Schneitz K, Zimmermann I, Lolle SJ, Pruitt RE (1997) 
The STUD gene is required for male-specific cytokinesis after telophase II of meiosis 
in Arabidopsis thaliana. Dev Biol 187:114-124 
Iwabuchi M, Kyozuka J, Shimamoto K (1993) Processing followed by complete editing of 
an altered mitochondrial atp6 RNA restores fertility of cytoplasmic male sterile rice. 
EMBO J 12:1437-1446 

Jean M, Brown GG, Landry BS (1997) Genetic mapping of nuclear fertility restorer genes 
for the 'Polima' cytoplasmic male sterility in canola (Brassica napus L.) using DNA 
markers. Theor Appl Genet 95:321-328 




162 



Genetics 



Jia MH, He S, Vanhouten W, Mackenzie S (1997) Nuclear fertility restorer genes map to 
the same linkage group in cytoplasmic male-sterile bean. Theor Appl Genet 95:205- 
210 

Johns C, Lu M, Lyznik A, Mackenzie S (1992) A mitochondrial DNA sequence is associ- 
ated with abnormal pollen development in cytoplasmic male sterile bean plants. Plant 
Cell 4:435-449 

Kamps TL, McCarthy DR, Chase CD (1996) Gametophytic genetics in Zea mays L. domi- 
nance of a restoration-of- fertility allele (Rf3) in diploid pollen. Genetics 142:1001- 
1007 

Kaul MLH (1988) Male sterility in higher plants. Monographs on theoretical and applied 
genetics, vol 10. Springer, Berlin Heidelberg New York 
Kennell JC, Pring DR (1989) Initiation and processing of atp6, T-urfl3 and ORF221 tran- 
scripts from mitochondria of T cytoplasm maize. Mol Gen Genet 216:16-24 
Kohler RH, Horn R, Lossl A, Zetsche K (1991) Cytoplasmic male sterility in sunflower is 
correlated with the co-transcription of a new open reading frame with the atpA gene. 
Mol Gen Genet 227:369-376 

Koltunow AM, Truettner J, Cox KH, Wallroth M, Goldberg RB (1990) Different temporal 
and spatial gene expression patterns occur during anther development. Plant Cell 
2:1201-1224 

Kriete G, Niehaus K, Perlick AM, Puhler A, Broer I (1996) Male sterility in transgenic 
tobacco plants induced by tapetum-specific deacetylation of the externally applied 
non-toxic compound N-acetyl-L-phosphinothricin. Plant J 9:809-818 
Krishnasamy S, Makaroff CA (1993) Characterization of the radish mitochondrial orfB 
locus: possible relationship with male sterility in Ogura radish. Curr Genet 24:156- 
163 

Krishnasamy S, Makaroff CA (1994) Organ-specific reduction in the abundance of a 
mitochondrial protein accompanies fertility restoration in cytoplasmic male- sterile 
radish. Plant Mol Biol 26:935-946 

Krishnasamy S, Grant RA, Makaroff CA (1994) Subunit 6 of the Fo-ATP synthase com- 
plex from cytoplasmic male-sterile radish: RNA editing and NH2-terminal protein se- 
quencing. Plant Mol Biol 24:129-141 

Kiick U, Wricke G (1995) Genetic mechanisms for hybrid breeding. Advances in plant 
breeding 18. Berlin: Blackwell Wissenschafts-Verlag 
L'Homme Y, Brown GG (1993) Organizational differences between cytoplasmic male- 
sterile and male-fertile Brassica mitochondrial genomes are confined to a single 
transposed locus. Nucleic Acids Res 21:1903-1909 
L'Homme Y, Stahl RJ, Li X-Q Hameed A, Brown GG (1997) Brassica nap cytoplasmic 
male sterility is associated with expression of a mtDNA region containing a chimeric 
gene similar to the pol CMS-associated orf224 gene. Curr Genet 31:325-335 
Landgren M, Zetterstrand M, Sundberg E, Glimelius K (1996) Alloplasmic male- sterility 
Brassica lines containing B. tournefortii mitochondria express an ORF 3 of the atp6 
gene and a 32 kDA protein. Off. Plant Mol Biol 32:879-890 
Laughnan JR, Gabay-Laughnan S (1983) Cytoplasmic male sterility in maize. Annu Rev 
Genet 17:27-48 

Laser B, Kiick U (1995) The mitochondrial atpA/atp9 co-transcript in wheat and triticale: 
RNA processing depends on the nuclear genotype. Curr Genet 29:50-57 
Laver HK, Reynolds SJ, Monegar F, Leaver CJ (1991) Mitochondrial genome organization 
and expression associated with cytoplasmic male sterility in sunflower (Helianthus 
annuus). Plant J 1:185-193 

Lee S-LJ, Warmke HE (1979) Organelle size and number in fertile and T-cytoplasmic 
male-sterile corn. Am J Bot 66:141-148 

Levings CS III (1993) Thoughts on cytoplasmic male sterility in cms-T maize. The Plant 
Cell 5:1285-1290 




Male Sterility in Higher Plants - Fundamentals and Applications 



163 



Levings CS III (1996) Infertility treatment: A nuclear restorer gene in maize. Science 
272:1279-1280 

Levings CS III, Siedow JN (1992) Molecular basis of disease susceptibility in the Texas 
cytoplasm of maize. Plant Mol Biol 19:135-147 
Levings CS III, Rhoads DM, Siedow JN (1995) Molecular interactions of Bipolaris maydis 
T-toxin and maize. Can J Bot 73:S483-S489 

Mackenzie SA, Pring DR, Bassett M, Chase C (1988) Mitochondrial DNA rearrangement 
associated with fertility restoration and cytoplasmic reversion to fertility in cyto- 
plasmic male sterile Phaseolus vulgaris L. Proc Natl Acad Sci USA 85:2714-2717 
Mackenzie SA, Chase CD (1990) Fertility restoration is associated with loss of a portion of 
the mitochondrial genome in cytoplasmic male- sterile common bean. Plant Cell 
2:905-912 

Mackenzie SA (1991) Identification of a sterility-inducing cytoplasm in a fertile accession 
line of Phaseolus vulgaris L. Genetics 127:411-416 
Maier RM, Zeltz P, Kossel H, Bonnard G, Gualberto JM, Grienenberger JM (1996) RNA 
editing in plant mitochondria and chloroplasts. Plant Mol Biol 32:343-365 
Makaroff CA (1995) Cytoplasmic male sterility in Brassica species. In: Levings CS III, 
Vasil IK (eds) The molecular biology of plant mitochondria. Kluwer, Boston, pp 515- 
555 

Mariani C, De Beuckeleer M, Truettner J, Leemans J, Goldberg RB (1990) Induction of 
male sterility in plants by a chimaeric ribonuclease gene. Nature 347:737-741 
Mariani C, Gossele V, De Beuckeleer M, De Block M, Goldberg RB, De Greef W, Leemans 
J (1992) A chimaeric ribonuclease-inhibitor gene restores fertility to male-sterile 
plants. Nature 357:384-387 

Moneger F, Smart CJ, Leaver CJ (1994) Nuclear restoration of cytoplasmic male sterility 
in sunflower is associated with the tissue-specific regulation of a novel mitochondrial 
gene. EMBOJ 13:8-17 

Nivison HT, Hanson MR (1989) Identification of a mitochondrial protein associated with 
cytoplasmic male sterility in Petunia. Plant Cell 1:1121-1130 
Nivison HT, Sutton CA, Wilson RK, Hanson MR (1994) Sequencing, processing, and 
localization of the petunia CMS-associated mitochondrial protein. Plant J 5:613-623 
Nowak C, Kiick U (1990) RNA editing of the mitochondrial atp9 transcript from wheat. 
Nucleic Acids Res 18:7164 

Op den Camp RGL, Kuhlemeier C (1997) Aldehyde dehydrogenase in tobacco pollen. 
Plant Mol Biol 35:355-365 

Preuss D, Lemieux B, Yen G, Davis RW (1993) A conditional sterile mutation eliminates 
surface components from Arabidopsis pollen and disrupts cell signaling during fer- 
tilization. Genes Dev 7:974-985 

Preuss D, Rhee SY, Davis RW (1994) Tetrad analysis possible in Arabidopsis with muta- 
tion of the QUARTET (QRT) genes. Science 264:1458-1460 
Pring DR, Lonsdale DM (1989) Cytoplasmic male sterility and maternal inheritance of 
disease susceptibility in maize. Annu Rev Phytopathol 27:483-502 
Pring DR, Gengbach BG, Wise RP (1988) Recombination is associated with polymor- 
phism of the mitochondrial genomes of maize and sorghum. Phil Trans R Soc Lond 
[Biol] 319:187-198 

Pring DR Brennicke A, Schuster W (1993) RNA editing gives a new meaning to the ge- 
netic information in mitochondria and chloroplasts. Plant Mol Biol 21:1 163-1 170 
Pring DR, Tang HV, Schertz KF (1995) Cytoplasmic male sterility and organelle DNAs of 
sorghum. In: Levings CS III, Vasil IK (eds) The molecular biology of plant mitochon- 
dria. Kluwer, pp 461-495 

Pruitt KD, Hanson MR (1991) Transcription of the Petunia mitochondrial CMS- 
associated pcf locus in male sterile and fertility-restored lines. Mol Gen Genet 
227:348-355 




164 



Genetics 



Rasmussen J, Hanson MR (1989) A NADH dehydrogenase subunit gene is co-transcribed 
with the abnormal petunia mitochondrial gene associated with cytoplasmic male 
sterility. Mol Gen Genet 215:332-336 

Rathburn HB, Hedgcoth C (1991) A chimeric open reading frame in the 5' flanking re- 
gion of coxl mitochondrial DNA from cytoplasmic male-sterile wheat. Plant Mol Biol 
16:909-912 

Rhoads DM, Levings CS III, Siedow JN (1995) URF13, a ligand-gated, pore-forming re- 
ceptor for T-toxin in the inner mitochondrial membrane of cms-T mitochondria. J 
Bioenerg Biomembr 27:437-445 

Riechmann JL, Meyerowitz EM (1997) MADS domain proteins in plant development. Biol 
Chem 378:1079-1101 

Rottman WH, Brears T, Hodge TP, Lonsdale DM (1987) A mitochondrial gene is lost via 
homologous recombination during reversion of CMS T maize to fertility. EMBO J 
6:1541-1546 

Schardl CL, Lonsdale DM, Pring DR, Rose KR (1984) Linearization of maize mitochon- 
drial chromosomes by recombination with linear episomes. Nature 310:292-296 
Schardl CL, Pring DR, Fauron CM-R, Lonsdale DM (1985) Mitochondrial DNA rear- 
rangements resulting in fertile revertants of S-type male sterile maize. Cell 43:361-368 
Schnable PS, Wise RP (1994) Recovery of heritable, transposon-induced, mutant alleles 
of the rf 2 nuclear restorer of T-cytoplasm maize. Genetics 136:1171-1185 
Schwarz- Sommer Z, Hue I, Huijser P, Flor PJ, Hansen R, Tetens F, Lonnig WE, Saedler H, 
Sommer H (1992) Characterization of the Antirrhinum floral homeotic MADS-box 
gene deficiens: evidence for DNA binding and autoregulation of its persistent expres- 
sion throughout flower development. EMBO J 11:251-263 
Siedow JN, Rhoads DM, Ward GC, Levings CS III (1995) The relationship between the 
mitochondrial gene T-urfl3 and fungal pathotoxin sensitivity in maize. Biochim Bio- 
phys Acta 1271:235-240 

Singh M, Brown GG (1991) Suppression of cytoplasmic male sterility by nuclear genes 
alters expression of a novel mitochondrial gene region. The Plant Cell 3:1349-1362 
Singh M, Brown GG (1993) Characterization of expression of a mitochondrial gene re- 
gion associated with the Brassica Polima CMS: developmental influences. Curr Genet 
24:316-322 

Singh M, Hamel N, Menassa R, Li X-Q, Young B, Jean M, Landry B, Brown GG (1996) 
Nuclear genes associated with a single Brassica CMS restorer locus influence tran- 
scripts of three different mitochondrial gene regions. Genetics 143:505-516 
Small ID, Earle ED, Escote- Carlson LJ, Gabay-Laughnan JR, Leaver CJ (1988) A compari- 
son of cytoplasmic revertants to fertility from different CMS-S maize sources. Theor 
Appl Genet 76:609-618 

Smart CJ, Moneger F, Leaver CJ (1994) Cell-specific regulation of gene expression in 
mitochondria during anther development in sunflower. Plant Cell 6:81 1-825 
Song J, Hedgcoth C (1994a) Influence of nuclear background and transcription on a 
chimeric gene (orf256) and coxl in fertile and cytoplasmic male sterile wheats. 
Genome 37:203-209 

Song J, Hedgcoth C (1994b) A chimeric gene (orf256) is expressed as protein only in 
cytoplasmic male-sterile lines of wheat. Plant Mol Biol 26:535-539 
Spena A, Estruch JJ, Prensen E, Nacken W, Van Onckelen H, Sommer H (1992) Anther- 
specific expression of the rolB gene of Agrobacterium rhizogenes increases lAA con- 
tent in anthers and alters anther development in whole flower growth. R Appl Genet 
84:520-527 

Spielman M, Preuss D, Li FL, Browne W, Scott R, Dickinson H (1997) TETRASPORE is 
required for male meiotic cytokinesis in Arabidopsis thaliana. Development Suppl 
124:2645-2657 




Male Sterility in Higher Plants - Fundamentals and Applications 



165 



Stahl R, Sun S, L'Homme Y, Ketela T, Brown GG (1994) RNA editing of transcripts of a 
chimeric mitochondrial gene associated with cytoplasmic male- sterility in Brassica. 
Nucleic Acids Res 22:2109-2113 

Tadege M, Kuhlemeier C (1997) Aerobic fermentation during tobacco pollen develop- 
ment. Plant Mol Biol 35:343-354 

Tang HV, Pring DR, Muza RF, Yan B (1996a) Sorghum mitochondrial orf25 and a related 
chimeric configuration of a male-sterile cytoplasm. Curr Genet 29:265-274 
Tang HV, Pring DR, Shaw LC, Salazar FA, Muza FR, Yan B, Schertz KF (1996b) Tran- 
script processing internal to a mitochondrial open reading frame is correlated with 
fertility restoration in male-sterile sorghum. The Plant J 10:123-133 
TheiBen G, Saedler H (1995) MADS-box genes in plant ontogeny and phylogeny: 
Haeckel's biogenetic law revisited. Curr Opin Gene Dev 5:628-639 
Trobner W, Ramirez L, Motte P, Hue I, Huijser P, Lonnig WE, Saedler H, Sommer H, 
Schwarz-Sommer Z (1992) GLOBOSA: A homeotic gene which interacts with 
DEFICIENS in the control o f Antirrhinum floral organogenesis. EMBO J 11:4693-4704 
Tsuchiya T, Toriyama K, Yoshikawa M, Ejiri S, Hinata K (1995) Tapetum-spedfic ex- 
pression of the gene for an endo-beta-l,3-glucanase causes male sterility in transgenic 
tobacco. Plant Cell Physiol 36:487-494 

Van der Meer IM, Stam ME, van Tunen AJ, Mol JNM Stuitje AR (1992) Antisense inhibi- 
tion of flavonoid biosynthesis in petunia anthers results in male sterility. Plant Cell 
4:253-262 

Ward GC (1995) The Texas male-sterile cytoplasm of maize. In: Levings CS III, Vasil IK 
(eds) The molecular biology of plant mitochondria. Kluwer, Dordrecht, pp 433-459 
Warmke HE, Lee S-LJ (1978) Pollen abortion in T cytoplasmic male-sterile corn (Zea 
mays): a suggested mechanism. Science 200:561-563 
Weigel D (1995) The genetic of flower development: From floral induction to ovule mor- 
phogenesis. Annu Rev Genet 29:19-39 

Weigel D, Meyerowitz EM (1994) The ABCs of floral homeotic genes. Cell 78:203-209 
Weijer J (1952) A catalogue of genetic maize types together with a maize bibliography. 
Bibl Genet 14:189-425 

Wintz H, Chen HC, Sutton Ca, Conley CA, Cobb A, Ruth D, Hanson MR (1995) Expres- 
sion of the CMS-associated urfS sequence in transgenic petunia and tobacco. Plant 
Mol Biol 28:83-92 

Wise RP, Pring DR, Gengenbach BG (1987a) Mutation to male fertility and toxin intensi- 
tivity in T-cytoplasm maize is associated with a frameshift in a mitochondrial open 
reading frame. Proc Natl Acad Sci USA 84:2858-2862 
Wise RP, Fliss AE Jr, Pring DR, Gengenbach GB (1987b) urfl3-T of T cytoplasm maize 
mitochondria encodes a 13,000 kD polypeptide. Plant Mol Biol 9:121-126 
Wise RP, Dill CL, Schnable PS (1996) Mutator-induced mutations of the rfl nuclear fer- 
tility restorer of T-cytoplasm maize alter the accumulation of T-urfl3 mitochondrial 
transcripts. Genetics 143:1383-1394 

Witt U, Hansen S, Albaum M, Abel WO (1991) Molecular analyses of the CMS-inducing 
Polima cytoplasm in Brassica napus L. Curr Genet 19:323-327 
Worrall D, Hird DL, Hodge R, Paul W, Draper J, Scott R (1992) Premature dissolution of 
the microsporocyte callose wall causes male sterility in transgenic tobacco. Plant Cell 
4, 759-771 

Xu G-W, Cui Y-X, Schertz KF, Hart GE (1995) Isolation of mitochondrial DNA sequences 
that distinguish male-sterility-inducing cytoplasms in Sorghum bicolor (L.) Moench. 
Theor Appl Genet 90:1180-1187 

Xu H, Know RB, Taylor PE, Singh MB (1995) Bcply a gene required for male fertility in 
Arabidopsis. Proc Natl Acad Sci USA 92:2106-2110 
Yan B, Pring DR (1997) Transcriptional initiation sites in sorghum mitochondrial DNA 
indicate conserved and variable features. Curr Genet 32:287-295 




166 



Genetics 



Young EG, Hanson MR (1987) A fused mitochondrial gene is associated with cytoplasmic 
male sterility is developmentally regulated. Cell 50:41-49 
Zabala G, Gabay-Laughnan S, Laughnan JR (1997) The nuclear gene Rf3 affects the ex- 
pression of the mitochondrial chimeric sequence R implicated in S-type male sterility 
in maize. Genetics 147:847-860 

Zabaleta E, Mouras A, Remould M, Araya S, Araya A (1996) Transgenic male-sterile 
plant induced by an unedited atp9 gene is restored to fertility by inhibiting its ex- 
pression with antisense RNA. Proc Natl Acad Sci USA 93:1 1259-1 1263 

Dr. Frank Kempken 
Lehrstuhl fur Allgemeine Botanik 
Ruhr-Universitat Bochum 
D-44780 Bochum, Germany 

Dr. Daryl Bring 

Crop Genetics and Environment Research Unit, 
USDA-ARS 

Department of Plant Pathology 
1453 Fifield Hall 
University of Florida 
Gainesville, Florida 32611, USA 



Edited by 
K. Esser 




Genetics 



Plant Breeding: 

Genetic Mapping in Woody Crops 

By Eva Zyprian 



1 Introduction 

The recent establishment of genetic maps in woody plants reviewed here 
will focus on the major fruit-producing horticultural perennials. These 
are citrus, apple, grape and others, whose products can be produced in 
high numbers, stored and shipped, and which have therefore acquired 
great economical importance in modern agriculture. In general, these 
species have been under traditional breeding for a long time. They have 
been chosen for genetic mapping in order to accelerate breeding prog- 
ress. 

A second group of woody plants currently studied comprises forest 
trees. Some of them are of high economic relevance or natural wood 
constituents threatened by diseases. A short summarizing description of 
the recent achievements on their genetic maps will be given at the end of 
this chapter. 

The fruit-producing perennials share characteristics that make them 
recalcitrant to classical genetic analyses and hence they have been ana- 
lytically neglected for a long time. Genetic maps for woody fruit crops 
have been published only recently, in contrast to the major herbaceous 
crops of the world, whose molecular maps have been elaborated since 
about 1986 (as compiled in Graner and Wenzel, 1992). The difficulties 
encountered in the woody species result from long generation cycles 
(long phases of juvenility), high heterozygosity levels (outbreeding sys- 
tems) and inbreeding depression excluding the generation of homozy- 
gous material. Polyploidy or chilling requirement may cause additional 
problems (Weeden, 1994). High contents of phenolic compounds and 
polysaccharides in the tissues can hamper DNA extraction and analysis. 
These facts render analyses difficult and time-consuming. Fortunately, 
some of these species have nevertheless been judged to be worth invest- 
ing the effort to construct genetic maps, hoping that the information 
revealed will also be useful for related, but economically not quite so 
important species, enabling their genetic analysis exploiting synteny 
relationships. The range of plants being studied with modern molecular 
techniques is rapidly expanding. 
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The availability of genetic maps is of enormous value to plant breed- 
ers, enabling them to select the most suitable parental types in crosses to 
obtain the best combination of genes in a shorter time frame. The maps 
will help to understand and better exploit gene action (additive, domi- 
nant, epistatic interaction of genes or pleiotropy) (Allen 1994) and are 
the prerequisite to gaining information about QTLs (quantitative trait 
loci). These are genetic loci that contribute to the control of a specific 
trait under polygenic determination. In this case, several genes affect the 
phenotype of one trait. The individual contributing genes may exert a 
strong or weak influence. In addition, environmental factors can affect 
the corresponding phenotype to a certain extent. Hence the traits under 
polygenic control do not follow a clear scheme of presence or absence, 
but show a continuous variation over many phenotypic levels. 
Agronomically important traits like yield, growth type or vigour, fruit 
size or seedlessness, but also resistance to diseases or to abiotic stresses 
are frequently controlled by such QTLs. Breeders have a great interest in 
their localization and analysis in order to learn about their individual 
contributory effects on a specific trait and their best composition. The 
resolution of the individual loci contributing to a complex characteristic 
allows them to be treated and analyzed individually as Mendelian factors 
rather than using quantitative genetics. This concept was first developed 
with a molecular marker (RFLP) map of tomato and the quantitative 
traits for fruit mass, soluble solid concentration and pH (Paterson et al. 
1988). Moreover, the mapping of major QTLs carries the potential to 
develop selection schemes within breeding programs, where the pheno- 
typic trait may be scored at a very early development stage employing 
molecular markers genetically linked to the QTL in question (marker- 
assisted selection, MAS). The advent of molecular marker techniques, 
especially those based on PCR (polymerase chain reaction) technology 
enabled the genetic mapping in woody plants, where classical genetic 
methods can be applied only with difficulty. 

Genetic maps will allow the breeder to follow chromosomes or frag- 
ments thereof, or individual markers, from initial breeding to cultivar 
release and through generations of cultivar development. Within the 
traditional cultivars of a crop, the genotypes may be evaluated by going 
back through previous generations determining the allele combinations 
breeders have been consistently selecting for or against (Shoemaker et 
al. 1994). In addition to the exploitation for screening procedures in 
breeding schemes as by MAS, the knowledge of the location of mono- 
genic factors and QTLs for important traits opens experimental strate- 
gies for their molecular analysis (by positional cloning and physical 
mapping) and understanding of the functions involved. This aspect is of 
increasing importance regarding the upcoming methods of gene transfer 
in the improvement of cultivars by modern breeding by biotechnology, 
especially in woody fruit species (e.g. Puite and Schaart 1996; Yao et 
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1996; Guiterrez et al. 1997; Pena et al. 1997; Oliviera et al. 1996 for re- 
view). 



2 The Plants Under Consideration 

Although there seems a plentitude of plants providing us with fruit 
products within the woody species, only some have already been ana- 
lyzed, at least for a few varieties of the corresponding species. Regarding, 
e.g. the Rosaceae family in the temperate area (Table 1), there are many 
fruit (and some timber) producers. From all these it is apple and peach 
where the efforts to construct genetic maps were first justified and maps 
are published corresponding to the species with the highest world pro- 
duction. 

Another important group is the genus Citrus (Rutaceae) including the 
oranges (Citrus sinensis, world production 1994: 59 x 10^ t), mandarins 
(C. deliciosa), satsumas (C. unshiu) and tangerines (C. tangerina) 
clementines (mandarin hybrids), grapefruit (Citrus x paradisi), shad- 
docks (Citrus maxima), lemon (Citrus limon), citron (Citrus medico), 
lime (Citrus aurantiifolia), bitter orange (Citrus aurantium). Citrus 
myrtifolia and Citrus bergamina. A close relative is Poncirus trifoliata, 
frequently used as rootstock for varieties of the Citrus species and Cit- 
rus-interspecific hybrids (e.g. tangelos, chironjjas, citranges). Substantial 
mapping work has been conducted here. 

Similarly, we find a number of blueberries in the genus Vaccinium 
(Ericaceae) including Vaccinium myrtillus (bilberry), Vaccinium corym- 
bosum (highbush blueberry), Vaccinium vitis-idaea (cowberry), Vac- 
cinium oxycoccos and Vaccinium macrocarpon (cranberry). The 



Table 1. Rosaceae fruit producers and their world production. (Data from Franke 1997) 



Rosaceae subfamiliy World production 

Pomoideae 



Apple 


Malus X domestica 


49x 10‘t 


Pear 


Pyrus communis 


11.2x lO'^t 


Quince 


Cydonia oblonga 


- 


Rosaceae subfamily 

Prunoideae 

Peach 


Prunus persica 


Ilxl0‘t 


Plum 


Prunus domestica 


7.3x lO'^t 


Apricot 


Prunus armeniaca 


2.4xl0't 


Almond 


Prunus dulcis 


1.3xl0't 


Sweet Cherry 


Prunus avium 


1.2xl0't 


Sour Cherry 


Prunus cerasus 


IxlO't 


- 


Prunus salicina 


- 


- 


Prunus serotina 


- 
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tetraploid highbush blueberries and the cranberries are cultured plants 
in the US. Diploid wild relatives of blueberries have been chosen for 
genetic analyses. 

The grapevine (Vitis sp. L., VitaceaeJ also is a plant currently under 
genetic mapping. Grapes have been in culture for thousands of years. 
Viticulture started in the Neolithic era (6000-5000 B.C,) in Transcauca- 
sia, from where it spread (Mullins et al. 1992). Grape-growing areas exist 
nowadays all around the world (Europe, North America, South America, 
Australasia), employing a variety of scion- and rootstock cultivars 
(estimated total number about 9000; E. Dettweiler, pers. comm.), in each 
case selected for and adapted to the local climatic conditions. 

The total world production of grape berries is estimated at 60 x 10^ t 
(plus 11 X 10^ t of raisins). Besides the production of wine, other prod- 
ucts like raisins, juice, table fruits, liquors etc. are obtained. Most vine- 
yards are planted with vegetatively propagated traditional material {Vitis 
vinifera usually as scion) containing subtle gene combinations. How- 
ever, the need for chemical protection from (mainly fungal) diseases 
raises a problem concerning the pollution of the environment with toxic 
compounds (Mullins et al. 1992). Breeding for disease resistance is thus 
one of the modern tasks. The desire to accelerate breeding for improved 
grapevine varieties resulted in the effort to construct a first molecular 
map for two grapevine varieties (Lodhi et al. 1995). Mapping in grape- 
vine is currently being continued for other varieties. 



3 Mapping and Molecular Markers 

Traditional Mendelian genetics follows the observation of phenotypes 
through generations of crosses (F^) or backcrosses (BC), where segregat- 
ing markers can be followed. For mapping purposes backcrosses of a 
heterozygous F^ to one recurrent (homozygous) parent (Aa x aa) are 
usually designed as testcross permitting the observation of segregation, 
linkage and recombination of markers from the heterozygous plant. This 
analysis reveals the inheritance of a marker corresponding to a genetic 
locus specifying a certain trait. If a multitude of loci is known, they can 
be localized to chromosomes aggregating those that segregate in com- 
mon ("linked", recombination frequency < 50%) rather than independ- 
ently (recombination frequency = 50%, as the segregation of independ- 
ent factors will be 1:1). 

The loci on one chromosome constitute a linkage group. The distance between two 
linked loci can be estimated from the amount of recombination (the recombination 
fraction) between them, caused by unlinking through meiotic crossovers in the heterozy- 
gous state. The basic logic of mapping in the first approach is quite simple: the further 
apart two loci are on one chromosome, the higher the chance that they will be separated 
by a crossover event in meiosis; the closer the loci are located to each other, the smaller 
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their chance of separation. If at least three loci are analyzed (three-factor cross), the 
relative order of the three markers can be deduced. 

However, this simple logic is complicated in reality by the occurrence of multiple 
crossovers (double crossovers in three marker crosses obscuring the recombination 
events), by interference (one crossover in a genomic region affecting the frequency of 
crossovers in neighbouring regions) and by the fact that the recombination frequency is 
not constant thoughout the physical length of an individual chromosome. The problem 
of multiple crossovers can be dealt with by including accordingly modified statistic func- 
tions in the mapping calculation programs (e.g. Kosambi 1994), while the problem of 
uneven recombination frequency can only be resolved by analyzing a high number of 
loci along a chromosome (high density mapping) and finally determining the real physi- 
cal distances by physical mapping and molecular analyses (cloning, restriction analysis 
and sequencing). Mapping by recombination analysis can provide only rough estimates 
of distances as it is a functional mapping. However, this technique is extremely useful for 
research and breeding (Kaudewitz 1992). 

Recombination analysis therefore requires knowledge about the segre- 
gation of a multitude of individual genetic loci scoreable as phenotypes. 
Especially in the woody crops, it is very difficult to obtain this data by 
traditional observation. Isozymes have been frequently employed as 
biochemical markers but are not numerous enough for detailed map- 
ping. The follow up of a morphological trait like fruit colour, for exam- 
ple, will require waiting for the first fruit set after a controlled cross, 
which may last several years due to the long juvenile stage. The scoring 
of the agronomically important traits that represent quantitative charac- 
teristics requires even long-term observations under field conditions 
over many years, and at several places, in case environmental effects are 
also involved. For this reason, the use of molecular markers has been of 
rapid development through the past years in the analysis of crops. Their 
application has enabled the genetic analysis of perennials since about 
1990. 

Molecular markers exist in several variants depending on the experi- 
mental way in which they are produced. However, all of them represent 
a very small piece of the whole genome and can be followed as individual 
Mendelian factors in testcrosses. They provide the basis for genetic 
mapping studies by recombination analysis. Furthermore, they can be 
used in breeding selection schemes as "indicators" for a characteristic 
trait, if they are genetically tightly linked to this desired trait (MAS, see 
above). All molecular markers are based on the analysis of differences in 
DNA sequences and have the intrinsic advantage of being independent 
of the developmental stage, physiological conditions or environmental 
influences. In addition, molecular markers can be obtained in practically 
unlimited numbers and therefore meet the requirement for genetic 
mapping. 

The currently most used types of molecular markers are compiled 
here. 

RFLP (restriction fragment length polymorphisms) markers (Botstein 
et al. 1980) have proven very useful for the establishment of molecular 
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maps. Individual RFLP markers are inherited as codominant markers. 
However, this technique has two drawbacks: first, even single- or low- 
copy probes obtained from expressed genes can sometimes give rather 
little information and detect less polymorphisms than expected, as the 
plants show little variation within coding genes that are under selective 
pressure for functionality (Cai et al. 1994). Genomic regions that (in the 
majority) do not encode genetic functions that are expressed will toler- 
ate more mutations/alterations detectable as polymorphisms. Second, 
the RFLP procedure requires the preparation of substantial amounts of 
genomic DNA (5-10 |Lig/reaction) for the hybridization procedure and 
the rather expensive (radioactive or non-radioactive) labeling of a high 
number of probes. Both drawbacks are resolved by more recent tech- 
niques relying on PGR technology. 

The PGR reaction (Saiki et al. 1988) was developed in numerous ap- 
plications including molecular marker generation for mapping of plants. 
Gurrently there are three major variants in use: 

RAPD (random amplified polymorphic DNA) markers are obtained 
by offering single primers of arbitrary sequence in amplification reac- 
tions on genomic DNA. No prior sequence information is necessary. 
Two genotypes differing in RAPD markers will have different DNA se- 
quences at the primer annealing sites or insertions/deletions between 
two primer binding sites flanking an amplicon. RAPD markers are in- 
herited as dominant markers and can be used to construct genetic maps 
in many species (Welsh and McGlelland 1990; Williams et al. 1990, 1993; 
Tingey and del Tufo 1993). They are simply scored as absence or pres- 
ence of the band of a particular size produced from a certain primer. 

RAPD-PGR has been widely used in molecular mapping, as it requires 
only small amounts of DNA (about 20 ng/reaction), is quickly performed 
and the products are scored on simple agarose gels. The frequency of 
polymophisms detected is satisfactory (Tingey and del Tufo 1993). The 
availability of different primers is practically unlimited. Arbitrary 
dekamer oligos with GG contents of 50% and higher are commonly used. 
Recent refinement of the method indicated that also longer arbitrary 
primers (17- to 24-mers) can be successfully employed to reveal poly- 
morphisms (Ye et al. 1996). Nevertheless, RAPD markers exhibit sensi- 
tivity to experimental parameters and hence the conditions for RAPD 
analysis have to be thoroughly adjusted (Biischer et al. 1993). The ease 
with which RAPD markers can be obtained, however, largely outweighs 
these drawbacks. 

Gloning and sequencing of informative RAPD bands will allow the 
design of longer, specific primers amplifying the marker of interest with 
improved experimental stability (SCAR markers, sequence-character- 
ized amplified region) (Paran and Michelmore 1993). 

STMS (sequence-tagged microsatellite markers, also called SSR for 
simple sequence repeat) are PCR-based markers that enjoy wide use in 
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molecular mapping. However, for this application, substantial prior 
work is necessary. Clones of genomic DNA containing microsatellite 
repeats must be generated and sequenced. Microsatellites are DNA 
stretches of di- or trinucleotide repeats scattered in the genomes. They 
exhibit an extremely high level of length polymorphisms. This polymor- 
phisms can be detected by amplifying the repeats from specific primer 
pairs flanking them in neighbouring conserved regions. The polymor- 
phic products differ by few or more bases and are resolved with sequenc- 
ing qualtiy separation techniques. STMS proved very useful, e.g. for the 
differentiation of cultivars that show low levels of polymorphisms with 
other marker techniques and are now employed in mapping studies. 
Their mode of inheritance is generally codominant, rendering them ex- 
cellent analytical tools (Cregan et al. 1994). 

AFLP (amplified fragment length polymorphisms) markers are based 
on the selective amplification of subsets of restriction fragments ob- 
tained by cutting the genomic DNA with two different enzymes (a fre- 
quently cutting and a less frequently cutting one, producing different 
fragment ends, at least in a part of the mixture of fragments). The re- 
striction fragments are ligated to short adaptors (of known sequence) 
and then amplified in two steps with primers annealing to the adaptor 
sequence plus one, two or three nucleotides specified by the primer (+N, 
+NN or +NNN) that need to be present as complementary bases in the 
adjacent genomic DNA (Zabeau and Vos 1992). In this way, specific sub- 
sets of the restriction fragments are amplified and resolved by gel elec- 
trophoresis (in sequencing quality). The clear and multiple bands (50 to 
100 obtained per sample) may even be scored as homo- or heterozygous 
due to different band intensity. This system has a high resolving power 
and yields codominant (and dominant) markers. AFLP data have not yet 
been published for the plants described in the following sections. How- 
ever, it is such a powerful technique, that applications are to be expected 
very soon, also for fruit crops. 

Molecular marker types and mapping strategies have been reviewed 
(e.g. Jones et al. 1997). Further variations of marker-generating methods 
exist (nicely compiled in Staub et al. 1996) and automation of analysis is 
an important aspect for the future. 

In order to calculate genetic distances, the segregation data over a test population will be 
transferred into a digital (0/1) matrix. The observed segregation has to be tested for 
"goodness of fit" to the expected ratios. This is usually accomplished by chi-square calcu- 
lations. For the further processing of data several computer programs are available. They 
calculate the distances between loci in a linkage group from recombination fractions. 
Typically, two-point analyses are the first step to give an estimation about linked mark- 
ers. If linkage groups with more than two markers are defined, they can be used to de- 
duce the relative map order by three- and n-point analyses. One of the programs very 
often used for this purpose is MAPMAKER (e.g. MAPMAKER/Exp 3.0, Lander et al. 
1987). It uses the method of maximum likelihood for the statistical calculations (Chakra- 
varti et al. 1991). The critical thresholds are defined by LOD scores, representing the ratio 
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of the likelihood for linkages versus the likelihood for non-linkage (the odds ratio). The 
LOD score is given as a decadic logarithm, meaning that an LOD score of three, e.g. will 
mean a 1000:1 ratio of the probability for linkage versus the probability of non-linkage 
(Risch 1992). 

MAPMAKER, however, is only capable of using data sets from a single marker segre- 
gation type (1:1, 1:2:1 or 3:1). If mixed segregation types are observed during the analysis, 
other calculating programs are employed, e.g. LINKAGE. 1 (Suiter et al. 1983), or JoinMap 
(Stam 1993). 

Once a genetic map is constructed, the phenotypes governed by QTLs can be super- 
imposed with their segregation patterns from the mapping population, and cosegregat- 
ing molecular markers can be identified. For instance, the program MAPMAKER/QTL 
1.1 (Paterson et al. 1988) will then perform an interval mapping looking for statistically 
significant associations between the phenotype and a genetic area defined by intervals 
between and at the map positions, where molecular markers have been localized (Lander 
and Botstein 1989). This approach was frequently used with success but can cause prob- 
lems, if more than one QTL per linkage group is present. Therefore, some variations and 
refinements of the mapping test statistics exist. The interested reader is referred to e.g. 
Knapp et al. (1990), Zeng (1993), Zeng (1994), Jansen and Stam (1994), Churchill and 
Doerge (1994). 



4 Mapping Strategies and Results 

a) Mapping in Backcrosses or the Generation 
a) Citrus 

The genetic analysis of Citrus is a very elegant example to demonstrate 
the development of molecular marker maps. Its analysis started with two 
publications in 1992 (Durham et al. 1992; Jarrell et al. 1992), both show- 
ing first RFLP maps in this genus. The map was extended with RAPDs 2 
years later (Cai et al. 1994) and was recently refined by the inclusion of 
STMS markers (Kijas et al. 1997). The study published in 1994 (Cai et al. 
1994) already announced the localization of a cDNA clone with a cold- 
responsive gene on the map. Furthermore, some RAPD markers coseg- 
regating with resistance to citrus tristeza virus were converted into 
SCAR markers (Deng et al. 1997). 

Citrus is a diploid plant with a low chromosome number (n = 9) and a 
small genome (1C = 0.62 pg) but a high degree of apomixis is added to 
the usual problems encountered in woody perennials. Inbreeding is al- 
most impossible, demanding mapping strategies starting from heterozy- 
gous material. However, interspecific and intergeneric hybridization is 
easily accomplished and used in Citrus breeding, as exemplified by Cit- 
rus X Poncirus hybrids. Poncirus trifoliata (trifoliate orange) is a non- 
edible, morphologically distinct relative of Citrus with agronomically 
important traits like cold hardiness, resistance to tristeza virus, Phy- 
tophthora root rot and the Citrus nematode (Tylenchulus semipene- 
trans). Several Citrus x Poncirus hybrids are therefore used as rootstocks 
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for the cultured Citrus species and varieties. For these reasons, a linkage 
map was constructed from a Citrus x Poncirus population (Jarrell et al. 
1992). The F^ was generated by hybridizing a Sacaton citrumelo originat- 
ing from C. paradisi x P. trifoliata with pollen from Troyer citrange, 
which is derived from C. sinensis x P. trifoliata. 

Linkage analysis of the Citrus x Poncirus F^ led to a first core map of 
31 loci in 9 linkage groups. Seven additional 1:1 segregating markers 
could be joined to the core map. Finally, 38 out of 46 loci could be placed 
on the map in 10 linkage groups spanning in total 351 cM. Two loci were 
found duplicated, one on two different linkage groups and one dupli- 
cated within the same linkage group. The size range of the linkage 
groups was 101 to 3 cM (Jarrell et al. 1992). 

This Citrus map was improved by the inclusion of STMS markers 
(Kijas et al. 1997). Fourteen different primer pairs flanking microsatellite 
repeats were developed from the DNA of a hybrid of rangpur lime 
{Citrus X limonia Osb.) and trifoliate orange [Poncirus trifoliata, (L.) 
Raf.]. These were checked for amplification of length-polymorphic 
products within the population of plants used before (Jarrell et al. 1992). 
Seven STMS loci could be assigned to the map, rendering the largest 
linkage group of Citrus 74 cM in length. Interestingly, the STMS loci are 
located at the termini of different linkage groups. This indicates their 
spreading widely thoughout the genome. It probably does not mean that 
STMS are non-randomly distributed at chromosome ends, as only few 
markers constitute the Citrus map as yet. Segregation analysis of the 
STMS indicated a substantial amount of distorted segregation, as ob- 
served with other markers before. Nevertheless, these markers proved 
very useful for genetic analysis, even in such a wide intergeneric cross. 

Published at the same time as the Jarrell study. Citrus maps were 
constructed from another two backcross populations, one intergeneric 
backcross of Citrus grandis (L.) Osb. cv. Tong Dee x Poncirus trifoliata 
(L.) Raf. cv. Pomeroy using C. grandis as the recurrent female (C x P), 
and a second interspecific backcross obtained from C. reticulata Blanco 
cv. Clementine x C,x paradisi Macf. cv. Duncan crossed back to C. reticu- 
lata as the recurrent male parent (C x C) (Durham et al. 1992). In these 
two BC populations most isozyme and RFLP data followed the 1:1 segre- 
gation ratio as expected. In addition, 1:2:1 and 1:1:1:1 ratios for a minor- 
ity of markers occurred due to some heterozygous loci in the recurrent 
parents. 

Finally, 52 loci were arranged in 1 1 linkage groups in the C x P popu- 
lation with a total length of 553 cM. The distance between the markers 
ranged from 0 to 32.2 cM (average 13.5 cM). For the C x C population 32 
loci were obtained in 8 linkage groups with a total map length of 314 cM 
and a marker distance range from 0 to 32.7 (average 1 1.6 cM). 

Interestingly, in this study, the maps elaborated could be compared. 
Overall, they exhibit conservation of locus order indicating similar 




176 



Genetics 



genome organization. This is supported by the fact that most Citrus 
species are interfertile and interspecific hybrids are usually fertile. How- 
ever, some differences may account for the high ratio of distorted mark- 
ers observed and the affected loci were different in the two populations. 

This citrus map (Durham et al. 1992) was extended with RAPD mark- 
ers. 

These experiments yielded 373 polymorphic bands from 60 BC^ plants 
of which 266 could be unequivocally scored for linkage analysis. The 
segregating bands were grouped into three types: 146 band of type aa x 
aA (band present in the but not in C. grandis)y 48 bands of type Aa x 
Aa (band present in Fj and in C. grandis) and 72 bands of type Aa x aa 
(band present in C. grandis but absent in the F^). The 31 of the 48 bands 
of type Aa x Aa segregated 3:1 as was to be expected for a dominant 
marker; 128 out of 186 band of both other types conformed to Mende- 
lian ratios with a segregation of 1:1. Thus again, the remaining bands 
(ca. 40%) exhibited distorted segregation. This phenomenon seems to be 
common to Citrus crosses and may be due to some very early selection. 
These markers were included in the linkage analysis and 77 of the 107 
distorted loci could be placed on the map. A high percentage of them 
clustered on linkage group I and most of the others clustered within 
linkage groups II, III, IV and VIII. These areas correspond to regions 
with skewed RFLP markers in the earlier studies, supporting the hy- 
pothesis that loci with distorted segregation might be linked to genes 
exposed to direct selection. 

The study showed that the recurrent parent C. grandis was highly het- 
erozygous (120 out of 266 RAPD markers). Use of two-point and multi- 
ple-point analysis for linkage and recombination of the aa x Aa type 
markers assorted 122 of the 146 RAPDs into nine linkage groups at a 
LOD level > 3. Within the remaining 24 markers were another four 
linked couples. Integration with recorded RFLP and isozyme markers 
led to a map of eight linkage groups (by merging some of the formerly 
established smaller ones). The total length of this map is 1192 cM with a 
mean distance of 7.5 cM between the markers. Individual linkage groups 
ranged in length from 29.8 to 243.8 cM. This map is estimated to cover 
70 to 80% of the Citrus genome. 

This refined map was used to localize cDNA clones with genes re- 
sponsive to cold acclimation as RFLP markers. Two loci were mapped to 
group IV. Both were found to be linked to each other with a recombina- 
tion frequency of 13.6%. A third locus mapped to linkage group IX (Cai 
et al. 1994). Very recently, RAPD markers cosegregating with resistance 
to citrus tristeza virus (Ctv) from Poncirus trifoliata were identified 
(emitter et al. 1996). This resistance gene follows single dominant be- 
haviour. Bulked segregant analysis (BSA) of resistant and susceptible 
pools from the cross used before (Durham et al. 1992; Cai et al. 1994) 
with additional 280 dekamer primers identified 12 more dominant 
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polymorphic RAPDs cosegregating with CTV resistance (Deng et al. 
1997). 

The principle of this method (Michelmore et al. 1991) is to combine DNA from indi- 
viduals representing the phenotypic extreme classes of a segregating population (bulked 
segregant) and then looking for markers unique to one or the other class. In a screening 
for disease resistance, e.g. DNA from the susceptible and resistant segregants would be 
pooled and analyzed for markers that are specific to either one pool. If such markers can 
be identified, they will be verified by checking their cosegregation with the analyzed trait 
over a large segregation population. The identification of markers in linkage with desired 
traits can be accelerated in this way, by randomizing the appearance of non-linked segre- 
gating markers in the background of the pool. 

Seven of the correlating RAPD products could be successfully converted 
into SCAR markers. All seven loci were placed on the map of the Ctv 
region of Poncirus trifoliata. This region thus became densely covered 
with molecular markers (Deng et al. 1997). 



(3) Prunus 

Of all members of the genus PrunuSy peach {Prunus persica) is the best 
characterized. Peach is a diploid plant with n = S chromosomes and a 
very small genome (0.55 pg/2C, about twice the size of Arabidopsis thali- 
ana). Although many morphological and isozyme markers are de- 
scribed, only little information on linkages was available until the con- 
struction of a genetic map in P. persica was initiated. The aim is not only 
to understand peach genetics, but also to provide information that will 
help to perform mapping in other Prunus species based on synteny rela- 
tionships (Chaparro et al. 1994). In contrast to other woody crops dis- 
cussed here, peach is a self-pollinating species with a low level of genetic 
variation. Segregating populations are therefore created by selfing F^s of 
wide crosses. 

The segregation of markers was followed in nine populations, 
mapping one of them (NC174RL x Pillar). This resulted in a linkage map 
of 15 groups covering 83 RAPDs, one isozyme and four morphological 
markers. The linkage groups span about 396 cM with an average density 
of 4.8 cM; 16 linkage groups are to be expected from the chromosome 
number, two for each chromosome representing each of the homologs. 
Homology could be established between six of the linkage groups (la- 
lb, 2a-2b and 3a-3b linkage groups). An additional linkage group was 
deduced from another cross (Marsun x White Glory F^ family). 

Additionally to map construction, the authors here undertook an ap- 
proach to identify markers in linkage with 4 isozyme/morphological 
markers. The red leaf locus is incompletey dominant and present as 
Gr/Gr in NC174RL and gr/gr (green leaf) in Pillar. Four markers in link- 
age to Gr and six linked to the gr allele were identified in bulked seg- 
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regant analyses. Screening for markers linked to Mdhl-l/Mdhl-1 versus 
Mdhl-2/Mdhl-2 in Marsun x White Glory identified three markers 
linked to the Mdhl-1 allele (Chaparro et al. 1994). 



Y) Vaccinium 

In the work published on blueberry, mapping has been the long-term 
goal to identify molecular markers linked to genes that control winter 
dormancy and cold hardiness (Rowland and Levi 1994). 

Blueberries require chilling during the dormancy period for vegeta- 
tive and floral budbreak in spring. The breeding programs are targeted 
towards the creation of highbush blueberry varieties {Vaccinuim corym- 
bosum L.) with low chilling requirements. This character would render 
them suitable for culture in the southern US, because they would be 
early-ripening. 

V. corymbosum is a tetraploid, and huge progeny numbers would be 
necessary to follow segregation ratios. Therefore the authors constructed 
test populations from crosses of interspecific hybrids with wild diploid 
species. An interspecific hybrid US388 from the V. darrowi clone Fla4B 
(evergreen, low-chilling lowbush) x V, elliottii clone Knight (decidous, 
moderate high-chilling highbush) was used. (The diploid V. darrowi has 
been extensively used as donor of the low-chilling requirement in blue- 
berry breeding, making use of plants that occasionally have unreduced 
gametes). 

Diploid blueberries are essential self-sterile (probably due to inbreed- 
ing depression) and it is difficult to obtain or backcross material. 
Thus, the interspecific F^ hybrid US388 was crossed to another plant of 
the same species as one of the original parents, the V. darrowi US795. 
This design is equivalent to a testcross (backcross) and dominant het- 
erozygous markers from the F^ hybrid should segregate 1:1 in this ar- 
rangement. About 40 resulting progeny plants of this population were 
used to construct a first linkage map for blueberry with RAPD markers. 

The linkage groups obtained ranged from 19 to 165 cM with a total 
map length of 954 cM. The distance between adjacent markers varied 
from 3 to 30 cM (average distance 16 cM). Although in this case the 
number of linkage groups was found to correlate with the number of 
chromosomes (n = 12), it seems likely, that due to the still limited data, 
not all chromosomes are defined, and that small linkage groups will be 
fused as soon as more markers are tested. However, these data on Vac- 
cinium creating the first linkage map provide the basis for further inves- 
tigation. 
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b) Mapping with the Double Pseudotestcross Stragetgy 

As described in the Introduction, many species of fruit crops are highly 
heterozygous trees and this fact prohibits the efficient scoring of genetic 
markers in backcrosses or classical populations. However, this can be 
of advantage when a different mapping strategy is applied, the double 
pseudotestcross (Weeden 1994). In this strategy, two highly heterozy- 
gous individuals are crossed. It is assumed that in many cases a locus Aa 
present in a parental type I will be homozygous recessive (aa) in the 
second parent II and vice versa. In the cross I x II, the marker A (and 
many other heterozygous markers of parent I) will therefore segregate 
1:1. The same holds for parent II with markers in the arrangement Bb 
crossed to bb in parent I. This cross will therefore yield a substantial 
amount of markers segregating 1:1 from parent I and 1:1 from parent II. 
This segregation corresponds formally to the situation in a classical test- 
cross (backcross with homozygous recessive type) and has been named 
pseudotestcross. As both parental types are homozygous recessive at a 
number of loci, it is a double pseudotestcross. Observing the segregation 
of the markers from parent I and parent II separately will result in two 
linkage maps, one for each parent. Homologous linkage groups between 
both parental types may be identified on the basis of dominant markers 
segregating 3:1 or codominant markers segregating 1:2:1, that are het- 
erozygous in both parents. Markers homozygous in either parent will 
not segregate in this arrangement (and hence be useless for mapping by 
recombination analysis). This strategy works very well with dominant 
RAPD markers and codominant RFLPs or isozyme markers (Hemmat et 
al. 1994; Weeden 1994; Lodhi et al. 1995). 



a) Apple 

The double pseudotestcross strategy was successfully applied to con- 
struct a molecular linkage map in apple (Hemmat et al. 1994). Apple 
(Malus X domestica Borl^.) has a high chromosome number (2n = 34), 
is highly heterozygous due to outbreeding and self-incompatibility and 
represents one of the economically most important fruit trees. 

Fifty six trees from the cross of Rome Beauty x White Angel were 
analyzed. Rome Beauty represents a common apple cultivar, while 
White Angel is a crabapple of unknown origin, presumed to carry Malus 
seiboldii in its parentage and to be heterozygous for a dominant gene 
encoding resistance to powdery mildew (Podosphaera leucotricha). 
Rome Beauty is highly susceptible to this pathogen. Isozymes, RFLPs 
and RAPD markers were employed and scored according to the double 
pseudotestcross for linkage analysis. After statistical verification of the 
segregation ratios and processing of the data, two linkage maps for ei- 
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ther parent were constructed. After this basic alignment had been done, 
additional software was used to determine multipoint recombination 
frequencies and refine the map. The two maps are based on 409 markers 
in total, 34 of which were allozyme polymorphisms, 8 RFLPs and the 
remaining one RAPD markers; 268 heterozygous markers originated 
from White Angel and 180 from Rome Beauty; 39 markers seemed to be 
heterozygous in both parental types. RAPD markers appeared highly 
polymorpic and most useful in this analysis. 

The map of White Angel contained 253 markers arranged in 24 link- 
age groups spanning 950 cM and 156 markers from Rome Beauty could 
be placed into 21 linkage groups. For 15 linkage groups of White Angel 
the homologs from Rome Beauty could be identified. RAPD markers 
produced from different primers were found clustered in some regions 
(several markers in a distance of about 10 cM) (Hemmat et al. 1994). 

In this study only about 10% of the RAPDs appeared present in both 
parents. This fact is of advantage for the double pseudotestcross strategy 
but may cause problems once RAPDs in correlation with agronomically 
important traits (QTLs or monogenic factors) are identified. The trans- 
ferability of such valuable markers from one cross to another may be 
limited. For this reason and for the better resolution of segrega- 
tion/recombination data with codominant markers, the development of 
STMS markers was recently initiated (Guilford et al. 1997) and was ap- 
plied to apple cultivar differentiation. Ten of the newly developed STMS 
were checked for segregation in a cross of Royal Gala x A172-2 and fol- 
lowed simple Mendelian inheritance. For a diploid species, no more than 
two alleles would be expected. However, 25% of the STMS resulted in 
more than two amplification products and may be biallelic. Such com- 
plex banding patterns are discussed to reflect ancestral chromosome 
duplication events or may demonstrate allopolyploidy. It is to be ex- 
pected that these STMS markers will soon be integrated in the available 
apple molecular linkage map. 



P) Grapevine 

In grapevine, the urgent need to differentiate the many cultivars has led 
to the development of molecular markers (RFLPs, RAPDs and recently 
STMS) since about 1990. However, the first report on genetic mapping 
was published only in 1995 (Lodhi et al. 1995) and was performed with 
the double pseudotestcross strategy (Weeden 1994). Sixty plants from an 
interspecific hybrid population obtained from Cayuga White x Aurore 
were used for mapping based on RAPD markers. The parental types both 
represent complex hybrids (Cayuga White is a hybrid of Vitis vinifera, 
V, labrusca and V, rupestris, whereas Aurore is a hybrid of V, vinifera, 
V rupestris and V. aestivalis). The F^ population segregates for disease 
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resistance and many other traits. Primers producing at least two poly- 
morphic bands were selected from a prescreening of parental types and 
used to follow segregation of the amplification products. 

Previous isozyme and RFLP loci were also included in the study of 
segregation. 

As a result of this first mapping in grape, there is a Cayuga White map 
of 214 markers over 1196 cM in 20 linkage groups and the map of Aurore 
with 225 markers arranged in 22 linkage groups, overall spanning 
1477 cM. The number of linkage groups could be reduced to that corre- 
sponding to the chromosome number {n = 19), by the observation that 
one linkage group from one parent was homologous to more than one 
linkage group of the second parent. In total, ten of the linkage groups 
could be assigned to their homolog. The maps did not exhibit similar 
lengths in recombination units, due to an uneven saturation with mark- 
ers. In both linkage maps, clustering of markers was observed in several 
cases. The recombination frequencies on comparison of both parental 
maps were not the same: Aurore had a higher recombination frequency 
in linkage group VII, while Cayuga White had a higher recombination 
frequency on linkage group IV. Hence medium density maps were con- 
structed. From the information on the genome size of grapevine (4.75 to 
5 X 10^ bp, Lohdi et al. 1995) it can be calculated that 1 cM in grapevine 
approximates 300 kb, which is a distance suitable for further analytical 
steps like map-based cloning. 

The question of transferability of RAPDs from one population to an- 
other was recently addressed (Lodhi et al. 1997). Hybridization studies 
with RAPD bands to genomic DNA from different grapevines and to 
RAPD amplification profiles of the corresponding primer were per- 
formed. The data indicate that RAPDs can originate from repetitive as 
well as single-copy sequences in the genome. In addition, evidence for 
internal priming of smaller RAPD products within larger RAPD amplifi- 
cation products (by the same dekamer) during reamplification was ob- 
tained. 

In order to test transferability of RAPD-generated markers from one 
population to another, 140 RAPD bands produced from the parental 
types of the mapping population outlined above (Cayuga White x 
Aurore) were scored in the parental types of a second population de- 
rived from Horizon x Illinois 547-1. Horizon is of the same origin as 
Cayuga White (a sibling) and therefore both populations are genetically 
related. Illionois 547-1 has been derived from a cross between V. rupes- 
tris and V. cinerea; 100 of the bands were common to both populations 
and 47 were polymorphic in at least one population. Ten bands were 
polymorphic only in Aurore x Cayuga White and 22 in Horizon x Illinois 
547-1. These data, in conjunction with results from genomic hybridiza- 
tions, indicate that at least a portion of markers developed in a cross can 
be transferred, with caution, to a second cross (Lohdi et al. 1997). How- 
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ever, a similar study with genetically unrelated populations has to be 
undertaken to learn more about the wider use of such markers. The re- 
cent development of STMS markers in grapevine (Thomas et al. 1993a, 
1994; Bowers et al. 1996) will also be useful to address this question. 



c) Mapping in Forest Trees 

A second group of woody plants under molecular mapping is repre- 
sented by the forest trees. Some of them are of high economic relevance, 
as they are used for the industrial production of paper and related prod- 
ucts from their wood and include fast-growing species such as Eucalyp- 
tus (Myrtaceae) (Grattapaglia et al. 1996; Verhaegen and Plomion 1996). 
They may also represent major constituents of the natural forests like 
the pines with their huge genomes (Kamm et al. 1996) or Norway spruce 
{Picea abies). Some of these natural timber producers are threatened by 
specific diseases where resistance gene mapping and analysis is the most 
important current analytical goal, as it is the case in sugar pine {Pinus 
lamhertiana Dougl.; Devey et al. 1995) or poplar (Populus sp.; Salicaceae, 
Villar et al. 1996). 

The recent achievements in forest trees are briefly summarized. 



a) Angiosperms 

In the angiospermous trees, the fast-growing Eucalyptus has deserved 
the most attention. A molecular map has been derived for E. nitens with 
a combination of RFLP, isozyme and RAPD markers (Byrne et al. 1995). 
Eucalyptus grandis and E, urophylla were mapped with segregating 
RAPDs (Verhaegen and Plomion 1996). Mapping in conduction with the 
identification of QTLs affecting the vegetative propagation qualtities was 
done employing the pseudotestcross strategy in a cross of E. grandis x 
E, urophylla (Grattapaglia et al. 1995). Some QTLs affecting growth and 
wood quality were identified in E. grandis (Grattapaglia et al. 1996). Very 
recently, genomic regions involved in the expression of plant height and 
leaf area in seedlings of E, nitens could also be identified (Byrne et al. 
1997). 

The development of marker techniques has also begun in members of 
the Fagaceae family. In Quercus microsatellites were characterized and 
five STMS-tagged loci proved useful as segregating markers in a cross of 
Q. petraea x Q. robur (Steinkellner et al. 1997). In Betula alleghaniensis 
(yellow birch, a tree of economic relevance in Canada) RAPD markers 
generated by 11-mer oligonucleotide primers produced polymorphic, 
dominant markers that could be followed in intraspecific crosses (Roy et 
al. 1992). This is the first step towards mapping. 
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In the Salicaceae family the genus Populus represents a model plant 
for forest tree biology. This genus comprises species with rather fast 
sexual propagation (in the greenhouse), a small genome (2C/1.2pg and 
2n = 38), ease of transformation to transgenic plants, ease in obtaining 
fertile interspecific hybrids, and easy vegetative propagation (Bradshaw 
et al. 1994). This genus therefore represents an exception to all the other 
plants discussed here. The genetic heterogeneity of the species allows 
many polymorphic markers to be followed in generations of inter- 
specific crosses. RFLP and RAPD markers were employed in conjunction 
with specific markers obtained from sequencing the ends of RFLP 
probes and designing longer, specific primer pairs for amplification 
(sequence-tagged sites, STS). Analysis resulted in a preliminary map of 
35 linkage groups with a marker density sufficiently high to permit QTL 
analysis (Bradshaw et al. 1994). Further application of RAPD markers in 
Populus allowed tagging of a genomic region with markers linked to 
resistance to poplar rust {Melampsora larici-populina) (Villar et al. 
1996). 



P) Gymnosperms 

The gymnospermous forest trees have also recently attracted much at- 
tention, as they are ecologically and economically important (e.g. timer 
production). Many studies have therefore been initiated in the Pinaceae 
family. The trees of this family exhibit huge genome sizes, large portions 
of repetitive DNA and a rather constant chromosome number. They 
have one advantage, however: in contrast to the angiosperms, the mega- 
gametophytic tissue is large. This tissue arises in the seed by mitotic 
divisions from a single meiotic division product (Nelson et al. 1993; De- 
vey et al. 1995). Hence it is haploid and identical to the maternal genetic 
contribution to a seed. This haploid tissue suffices for marker analyses 
and is extremely useful for genetic analyses (avoiding the problems as- 
sociated with dominance). Megagametophytes from a single tree can be 
directly used for analysis, if the tree is heterozygous for the loci under 
study. 

Megagametophytes were thus used for the analysis of slash pine 
(Pinus elliottii Engelm. var. elliottii) with n = 12, RAPD markers yielding 
13 linkage groups and 9 pairs of markers. Thus, a first partial linkage 
map was obtained for this species (Nelson et al. 1993). Slash pine was 
also used in a cross with longleaf pine {Pinus palustris) to construct par- 
ent-specific maps from the resulting Fj. In this study, 18 linkage groups 
and 3 marker pairs were identified in longleaf pine and 13 groups and 6 
marker pairs in slash pine. The aim of this investigation is mainly to 
address the problem of delayed growth in longleaf pine caused by ex- 
tended juvenile growth (Kubisiak et al. 1995). In Pinus pinaster (mari- 
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time pine) with the impressive genome size of 2.4 x bp and n = 12, 
megagametophytes from a single interracial Fj hybrid were used to con- 
truct 12 major linkage groups with RAPD markers. In this case it was 
shown that many of the RAPDs contained highly repetitive sequences 
(Plomion et al. 1995). In sugar pine {Pinus lambertina) markers are 
identified that are tightly linked to a single dominant gene for resistance 
to white pine blister rust (Devey et al. 1995). The development of micro- 
satellite markers also started within the pines (Echt and May-Marquardt 
1997). In Pinus taeda, a single dominant resistance gene conferring re- 
sistance to fusiform rust disease has been identified as a genomic region 
(Wilcox et al. 1996). 

In the genus Picea there has been a study developing a first linkage 
map based on 72 megagametophytes from a single tree of Picea abies 
(Norway spruce) with RAPDs. The map contained 17 major linkage 
groups covering 165 markers and 3584 cM. This species has n = 12 
chromosomes and a genome of about 4x10^ bp/C. The mapping should 
provide the basis for ecological and population genetic studies on this 
important forest tree (Binelli and Bucci 1994). 



5 Summary and Conclusions 

This compilation of recently published work on fruit crops and forest 
trees shows that there has been a rapid "take off in the construction of 
genetic maps based on linkage analysis of molecular markers, starting 
from scratch in about 1990. As such molecular analyses are costly, they 
have so far been applied only to a few species of high economic (or 
ecologic) relevance. However, costs will be reduced with progress in 
technology and upcoming automation efforts. Equally important, the 
basic knowledge obtained may facilitate analysis of other related fruit 
crops exploiting synteny relationships. It will bring tremendous advan- 
tages for modern plant breeding. 

Over the past years, first genetic maps have been obtained for Citrus 
(and Poncirus)y Prunus and Vaccinium by following the segregation of 
molecular markers in populations. For strongly heterozygous fruit 
crops like apply (Malus) and grape (Vitis)^ the double pseudotestcross 
strategy is employed. Molecular maps are currently available for two 
cultivars of each of these species. Regarding forest trees. Eucalyptus, 
Quercus and Populus within the angiospermous genera and Pinus and 
Picea within the gymnosperms have derserved attention. In the latter 
case of gymnosperms, the special advantage of the large haploid mega- 
gametophyte permits mapping from a single tree. 

The molcular maps constructed and published until now are mainly 
based on RAPD markers but usually include some few RFLP and 
isozyme data. STMS markers are developing and SCAR markers are 
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useful in specific cases, where some association between a (converted) 
RAPD marker and an agronomically important trait has been estab- 
lished. RAPDs carry the intrinsic disadvantages of a dominant marker 
system, that is largely outweighed by the ease in obtaining them. An 
application of RAPDs in the double pseudotestcross format is especially 
useful. 

In many cases of the reports reviewed here, distorted segregation of 
markers (RFLPs and RAPDs) has been described, most clearly exempli- 
fied in the Citrus studies. Such segregation deviating from the expected 
Mendelian ratios is frequently hypothesized as indicating very early 
(pre- or postzygotic) selective pressure prohibiting the regular segrega- 
tion of markers linked to the genes affected (e.g. Durham et al. 1992). 
The appearance of distortion may depend on the compatibility of the 
parental types and hence be influenced by the width of such a testcross. 
Nevertheless, markers with distortion were usually included in the 
mapping calculations and could mostly be placed on the maps. 

Another phenomenon is clustering of markers in certain regions. In 
the application of RAPDs this might be explained by the fact that a sub- 
stantial amount of RAPDs is derived from repetitive DNA or may show 
internal priming sites. In this case, a smaller and a larger amplicon gen- 
erated with the same primer will map to the same location. However, 
clustering is a phenomenon common to all marker types and can only be 
resolved by increasing the marker numbers and using a variety of 
marker types. 

Although all these analyses started only a few years ago, there are al- 
ready results surpassing the basic map construction. In Citrus three loci 
with genes responsive to cold acclimation could be mapped (Cai et al. 
1994). Markers cosegregating with resistance to citrus tristeza virus {Ctv) 
were identified in the Poncirus genome (Gmitter et al. 1996; Zeng et al. 
1997). Similarly, molecular markers linked to morphological and isozy- 
matic markers have been identified in Prunus (Chaparro et al. 1994). In 
grapevine, the crucial question of transferability of molecular markers 
from one population to another has been addressed (Lodhi et al. 1997) 
and lends support to optimistic assessments for future work. 

Also in the forest trees, markers labeling segregation of a single resis- 
tance gene have been identified. The analysis here is mainly aimed at the 
development of markers linked to QTLs of complex characteristics, and 
the first maps provide the basis for these studies. 

All this newly available knowledge will be used for further molecular 
analyses and exploited in plant breeding for agronomically important 
traits, e.g. the characterization of disease resistance genes. It will even 
serve in better management of precious forest trees. It is to be expected 
that molecular mapping studies will be initiated soon on more species, 
including the minor crops. Increased knowledge on resistance and 
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complex desired characteristics will enable improved agriculture, horti- 
culture, viticulture and forestry in the near future. 
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Plant Water Relations 

By Rainer Losch 



Since the last general overview on plant water relations in Prog Bot 56 (Losch 1995), 
another nearly 4000 publications on this topic have appeared. Only a small fraction of 
them can be mentioned in the following. The present report does not cover aspects of 
water relations of poikilohydric plants and of stomatal patchiness (Prog Bot 59: Hartung 
et al. 1997; Beyschlag and Eckstein 1997), habitat water relations, and aspects of water 
relations during germination and growth. A new textbook in German on plant-water 
relations gives a comprehensive overview of the whole topic (Losch 1998). 



1 Cell and Tissue Water Status and Its Influence 
upon Metabolism 

Water in cells and tissues is more or less strongly bound by hydration 
forces or for osmotic reasons. A new equation for calculating osmotic 
potential of a solution based on a molecular model of the water structure 
is proposed by Cochrane (1994). Michel and Radcliffe (1995) developed 
a computer programme that calculates osmotic potentials and related 
parameters in the range between 0 and 40 ®C for solutions of manitol, 
PEG 8000, NaCl, KCl and sucrose. Osmotic water flow across porous, 
semipermeable membranes is treated from a point of view of irreversible 
thermodynamics by Comper (1994). An overview on the characteristics 
of osmotically active solutes is given by Niu et al. (1997), detailed studies 
on barley epidermis cell solutes and their effect on the local water po- 
tential relations have been made by Fricke et al. (1994, 1995; see also 
Fricke 1997). Oparka (1994) reviews what is known about plasmolysis 
against the background of modern insights into the interactions between 
the plasmamembrane and the adjacent apoplastic and symplastic com- 
partments. 

Up to more than one third of the tissue water content can be bound as 
hydration shells to membranes and macromolecules. Rascio et al. (1997) 
propose a relatively simple procedure to estimate the particular tissue 
affinity for strongly bound water. Overview articles by Chapman (1994) 
and Jendrasiak (1996) describe the interaction between water and 
biomembrane components. For lipid headgroups in membranes a pro- 
gressive hydration induces a changed protrusion of choline dipoles rela- 



Progress in Botany, Vol. 60 
© Springer- Verlag Berlin Heidelberg 1999 




194 



Cell Biology and Physiology 



tive to the plain of the membrane and increases their mobilities. The 
latter results from a shift in the lipid phase transition temperature 
(Ulrich and Watts 1994a, b). This again is influenced by the ratio of satu- 
rated to desaturated fatty acids. An acclimational shift of this ratio to a 
higher amount of saturated bonds brings about a sustained growth of 
potato cells under low water potential (Leone et al. 1996). An altered 
membrane hydration and/or a changed phospholipid packing density 
are accompanied by a changed light-scattering behavior of membranes 
(White et al. 1996). The changed energetic status due to the degree of 
hydration, bending. Van der Waals interactions, and structural irregu- 
larities when model membranes undergo a hexagonal-lamellar-hexa- 
gonal transition is analyzed by Kozlov et al. (1994). The reentrant tran- 
sition, lamellar-hexagonal, appears to be driven by a delicate balance 
between the hydration energy in the lamellar and the bending energy in 
the hexagonal phase. The energy of voids in hexagonal interstices de- 
fines the relevant energy scale and temperature range. Hydrodynamics 
of interactions between monolayers in bilayers or under stacked mem- 
brane conditions are treated by Seifert and Langer (1994). Hydration 
repulsion decays exponentially when bilayers are less than ~ 7 A apart 
(Gleeson et al. 1994). Soluble sugars reduce the increase in the gel-to- 
fluid phase transition temperature of palmitoyl-oleoyl-phosphatidyl- 
choline under dehydration (Koster et al. 1994). They keep the membrane 
structure undisturbed by their interaction with phosphatidyl headgroups 
of phospholipids (Hoekstra et al. 1997). The glycosylated hydroquinone 
arbutin also depresses the gel-to-liquid crystalline transition tempera- 
ture, possibly by inhibition of phospholipase effects on membranes un- 
der advancing dehydration (Oliver et al. 1996). Higher amounts of cho- 
lesterol stabilize membranes composed of different phospholipid com- 
ponents regulating their motional freedom and the degrees of hydro- 
phobicity (studies on the effects of high hydrostatic pressure on mem- 
branes by Bernsdorff et al. 1997). 

Water crosses bilayers on account of the lateral dynamics of the 
phospholipids; large-volume water translocation is facilitated by water 
channels (Haines 1994). This family of membrane channel proteins is 
called aquaporins and is present in both the plasmalemma and the 
tonoplast membrane. Aquaporins can make up nearly one fifth of all the 
integral plasma membrane protein (Johansson et al. 1996). Many aqua- 
porins are Hg- and Zn-sensitive (Daniels et al. 1996; Tazawa et al. 1996). 
Probably, a membrane is composed by aquaporine-rich domains and 
lipid domains (Henzler and Steudle 1995). The changed membrane per- 
meabilities under steep osmotic gradients do not result from a changed 
domain distribution but from localized effects on membrane structure 
(Svetek et al. 1994). According to a model of Welling et al. (1996), the 
minimum effective pore radius of a water channel should be 1.78 A, a 
distance that fits the aquaporin-1 channel. 
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Cell enlargement and growth of organs depend closely on cell respec- 
tive tissue water relations that interact with cell wall enlargement. The 
dynamics of both osmohydraulic forces and structural development tend 
to keep a turgor homeostasis of enlarging cells. Pritchard (1994), in a 
Tansley review, describes these processes for the case of root cell expan- 
sion. Tomos and Pritchard (1994) distinguish two phases of cell expan- 
sion: (1) an acceleration phase in which the cell walls loosen, (2) a sec- 
ond decelerating phase when the walls become rigid. Enzymes that 
transiently disconnect the wall hemicellulose macromolecules (xylo- 
glucan-endotransglycosylases) are most active during this period. The 
sustained turgor pressure under an osmoregulatory solute accumulation 
(Kutschera and Kohler 1994) enlarges the cell volume. In the decelerat- 
ing phase, the walls stiffen so that even a nearly unchanged turgor does 
not bring about further cell enlargement (Kutschera 1996). Auxin in- 
creases elastic wall properties, and polysaccharide hydrolases and 
transferases are active during the first phase. These wall-extending en- 
zymes are called expansins. They catalyze the slippage between cellulose 
microfibrils and the polysaccharide matrix of the wall (McQueen-Mason 
and Cosgrove 1994, 1995). Their molecular biology has been analyzed in 
detail by Kieliszewski and Lamport (1994). Expansins become activated 
by an increase in the apoplastic proton concentration (Mizuno and Ka- 
tou 1996; Cho and Kende 1997). Auxin induces growth by a mechanism 
independent of this cell-wall acidification and therefore not by the ex- 
pansin mechanism of rearrangement of covalent interfibrillar bonds 
(Kutschera 1994). It increases the elastic and the plastic wall extensibili- 
ties irrespective whether or not a turgor-driven cell enlargement occurs, 
but does not bring about a breakdown of cell-wall material or a signifi- 
cant change in the incorporation of amino acids into the cell-wall pro- 
tein fraction and of glucose into the polysaccharides (Edelmann and 
Kutschera 1993; Edelmann and Kohler 1995). Extension growth is re- 
sumed therefore in an overproportial degree after periods of water 
stress-dependent low turgor on account of this "stored growth" (Serpe 
and Matthews 1994; Hohl and Schopfer 1995). Possibly, the operation 
point of expansins is particularly the stretch- resistant load-bearing cellu- 
lose/xyloglucan network, whereas the auxin-dependent growth mecha- 
nism affects particularly the compression-resistent pectic polysaccharide 
network. Passioura (1994) includes such molecular processes into an 
extended Lockhart model of cell expansion growth in order to interpret 
the variable nature of yield threshold and extensibility in the relevant 
equation. Under undisturbed growth conditions, both wall enlargement 
mechanisms should work synergistically. McCann and Roberts (1994), 
distinguishing these different structural networks, emphasize that the 
apoplastic continuum is, in fact, a mosaic of domains with heterogenous 
properties concerning wall extension growth and functions. Also at the 
integrational level of organs, growth occurs in a tissue-specific way. This 
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results particularly from the (turgor-related) mechanical impedance put 
up by peripheral tissue in response to the volume increment of tissues in 
the center, e.g., of a shoot. This is the very background of the epidermal 
growth-control hypothesis of Kutschera (e.g., Kutschera 1995; see also 
Peters and Tomos 1996). Cell volume extension ceases during the decel- 
eration phase (Tomos and Pritchard 1994). Water stress-dependent tur- 
gor reduction brings about a still reversible increase in wall stiffening 
(Hohl and Schopfer 1995), but probably entails wall rearrangements if 
cell maturation is approached. Intensive growth brings about a local 
decrease in water potential (Boyer 1993; Maruyama and Boyer 1994) and 
in this way - additionally to the active osmotic adjustment of the grow- 
ing cells - strongly directs the water potential gradient to the growing 
plant parts. 

Osmoregulation under water stress can lower water and osmotic po- 
tentials by several bars. This is enough in some cases to keep the turgor 
potential high, irrespective of a high water demand for transpiration 
(olive plants: Rieger 1995). More often, however, decreased transpiration 
rates under stress stabilize the plant water status more efficiently than 
osmotic adjustment (Thuja occidentalis: Edwards and Dixon 1995). The 
degree of osmotic adjustment is rather versatile, depending, e.g., on the 
rate of development of the water deficits (Basnayake et al. 1996), the 
population-specific adjustments of tissue elasticity (Chimenti and Hall 
1994; Fan et al. 1994), and, most important, the genetic predisposition 
for an increased production of solutes under stress (e.g., Tschaplinski 
and Tuskan 1994; Basnayake et al. 1995). In tropical maize lines there 
are few, if any, links between the ability for efficient osmotic adjustment 
and yield characters (Guei and Wassom 1993). Solutes accumulated 
during osmoregulation comprise various carbohydrates (glucose in Tri- 
ticum: Kameli and Losel 1994; sucrose and hexoses in Festuca arundina- 
cea: Spollen and Nelson 1994; sorbitol in Malus domestica: Wang et al. 
1995, 1996; mannitol and malate in Fraxinus excelsior: Peltier and 
Marigo 1996; Peltier et al. 1994). Also inorganic ions can contribute to 
osmoregulation (e.g., Rascio et al. 1994), but mostly to a lesser degree 
than organic osmolytes. The compatible solutes proline and quarternary 
ammonium compounds are increased considerably as an osmoregula- 
tory response to water stress by upregulated gene expression (proline 
biosynthesis: Verbruggen et al. 1993; Savoure et al. 1997). The beneficial 
effect of an increased proline level relies not only on its function as a 
solute and as a protection molecule for dehydration-sensitive macro- 
molecular surfaces, but also on its ability to reduce the generation of free 
radicals (Alia et al. 1993). Betaines and related quarternary ammonium 
compounds function similarly to proline as compatible solutes, particu- 
larly if long-term water stress (caused also by NaCl effects) prevails 
(Kohl 1996, 1997a, b). Also these compounds keep the steady-state me- 
tabolism functional, e.g., by strongly stabilizing the oxygen- evolving 
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photosystem II complex (Papageorgiou and Murata 1995; Allakhverdiev 
et al. 1996). Glycinebetaine (GB) can be taken up from external applica- 
tions (Makela et al. 1996). Such artificially supplied GB can, however, 
exert also undesired effects upon protein synthesis (e.g., downregulation 
of synthesis of the large Rubisco subunit) and proline accummulation 
(Gibon et al. 1997). Key enzymes of GB synthesis (genes encoding 
betaine aldehyde dehydrogenase: Wood et al. 1996) are not completely 
specific (Vojtechova et al. 1997), and biosynthetic pathways originating 
from the choline metabolism may end in different compatible solutes, 
provided that specific enzymes and substrates for intermediary meta- 
bolic steps are available (Rivoal and Hanson 1994b). Often, an os- 
moregulatory change in the amount of cell and tissue solutes is accom- 
panied by changed wall elasticities. This also improves the plant resis- 
tance to water deficits (Neumann 1995). Fan et al. (1994) studied the 
relative contributions of both components to turgor maintenance in 
several tree species. The modulus of elasticity undergoes changes also 
during the ontogeny of a plant (Onwona-Agyeman et al. 1995). 

Osmoregulation and osmoprotection can alleviate the effects of water 
and turgor loss to a certain degree. Nevertheless, very often water stress 
disturbes metabolic processes and even aggravates so drastically that it 
results in drought damage. Noninvasive methods to monitor the plant 
water status, are, among others, electrical resistance measurements of 
tissues and organs (Borchert 1994), in-situ NMR spectroscopy (Van As 
et al. 1994; Koeckenberger et al. 1997), and fluorescence measurements 
both at leaf level and remotely sensed by t-LIDAR (Cerovic et al. 1996). 
Ontogenetic changes in plant morphology under drought comprise de- 
creased shoot/root ratios, an increased length of very deep-reaching 
roots, and decreased specific leaf areas (Van Splunder et al. 1996: Salix 
spp.), sometimes an increased leaf thickness and degradation of chloro- 
phyll (Bussotti et al. 1995: Fagus silvatica), and in Triticum flag leaves an 
increased stomatal frequency and a higher number of bulliform cells 
accompanied by a smaller amount of intermediate veins (Zagdanska and 
Kozdoj 1994). 

Often, drought stress is more efficiently avoided than tolerated by 
plants (general systematic overviews on plant drought responses are 
given by Belhassen et al. 1995; Monneveux and Belhassen 1996). Certain 
peanut cultivars, for instance (Rucker et al. 1995), develop much more 
extended roots when soil dries out, in this way creating better survival 
conditions, (likewise population-specific differences of rooting depths 
are found in Armeria on sandy or salt marsh soils: Kohl 1996). Similarly, 
under drought, beech provenances from Sicily allocate more biomass 
into the roots than provenances from less drought-affected sites in Cen- 
tral Italy. Their leaf-specific conductivity and percent loss in hydraulic 
conductivity is smaller. The whole syndrome of developmental re- 
sponses of beech to a reduced water supply results in a delay of detri- 
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mental drought effects (Tognetti et al. 1995). Particularly under ex- 
tended, but mild to moderate water stress, it is more the whole-plant 
response that offsets the suboptimal conditions than osmoregulatory 
biochemical effects based on stress-responsive gene expressions at the 
cellular level (Blum 1996). Tardieu (1996) points out that the (at present 
very popular) efforts to select crop cultivars for better resistance against 
cell dehydration may not be the best strategy for improving drought 
resistance in crops. This holds true certainly with even more justification 
concerning attempts to improve drought tolerance by genetic engineer- 
ing of plant water stress responses. Most often, this will be a rather 
awckward operation that affects the fine-tuned cascades of plant stress 
responses. 

Cellular desiccation has influence on many metabolic processes, often 
by direct up or downregulation of gene expression (Bartels et al. 1996). 
Osborne and Boubriak (1994) review the mechanisms by which special- 
ized cells keep their DNA macromolecules functional even under water 
shortage. Obviously, in seed embryos two DNA forms exist with respect 
to hydration amounts. They possess different conformational structures, 
base sequences, and specific binding proteins. Only DNA from desicca- 
tion-tolerant cells retains its functional integrity, and the changes be- 
tween this and the desiccation-sensitive DNA form determine whether 
or not a certain seed maturation or germination stage shows poikilohy- 
dric or homoiohydric behavior. Seeds, seedlings, and adult plants under 
water stress produce by specific gene expression drought-stress proteins 
that are called dehydrins, in developing seeds often also LEA proteins - 
see Prog Bot 57, 21 - (e.g., Cheng et al. 1993; Finch-Savage et al. 1994; 
Wood and Goldsbrough 1997). Dehydrin production is tissue-specific 
and depends upon the particular ontogenetic stage of the plant (Han and 
Kermode 1996; Han et al. 1997). Different dehydration stresses (drought, 
cold, NaCl, also exogenous ABA supply) can induce the expression of 
different dehydrins. Drought hardening is often related to an intensified 
expression of dehydrins (Stanca et al. 1996). There are also great differ- 
ences in the ability of provenances and crop cultivars to express such 
stress proteins (Ristic et al. 1996). Dehydrins stabilize macromolecular 
structures with detergent- or chaperone-like properties (Close 1996). 
There are reports on enzyme-like effects of drought-stress proteins, par- 
ticularly if functioning as protein kinases (e.g., Lopez et al. 1994; Jonak 
et al. 1996). Some of these stress proteins seem to be extremely destruc- 
tion-resistant (Pelah et al. 1995: boiling stability of a water-stress- 
responsive protein in aspen; species-specific expression of this protein 
in Populus: Pelah et al. 1997). Stress proteins may interact also in various 
ways with antioxidant enzymes that protect the cellular metabolism 
from a burst of reactive radicals under water shortage (Burdon 1993). In 
order to detect stress-responsive protein production, often hormonally 
deficient or responsive mutants (the latter involved in signal transduc- 
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tion pathways) are used experimentally (Vartanian 1996). Selection for 
higher desiccation tolerance of crop cultivars identifies quantitative trait 
loci, QTLs, as molecular markers of the genome that are linked with 
plant drought responses (Lebreton et al. 1995; Quarrie 1996; Agrama and 
Moussa 1996; Mian et al. 1996; Tuinstra et al. 1996). 

A changed expression of structural and functional proteins controls 
degree and metabolic cascades of the photosynthetic carbon assimila- 
tion. Under moderate water stress, only the apoproteins of the light- 
harvesting complex II become decreased due to reduced gene transcrip- 
tion. Under severe water stress, both chlorophyll and apoproteins de- 
crease (Hao et al. 1996). The photochemical efficiency of photosystem II 
(PS II) of Quercus ilex and Q. pubescens as expressed by fluorescence 
changes is seriously depressed when predawn leaf water potential is 
lower than -4 MPa (Methy et al. 1996), a situation only seldom experi- 
enced by adult trees on the growing sites, more often by seedlings with a 
much less developed root system. The amount of the key enzyme of the 
Calvin cycle, Rubisco, remains relatively unaffected as long as water 
stress is moderate and exerts its influence by preference on stomatal 
conductance for CO^ (Dreesmann et al. 1994, see also Lai and Edwards 
1996). Rubisco activity depression by severe water stress is mostly re- 
versible, as is the case also with stress-dependent reductions of chloro- 
phyll and protein contents (Castrillo and Trujillo (1994). Using plants 
with antisense Rubisco-DNA and measuring photosynthesis reduction, 
Rubisco and 1,5-bisphosphate (RuBP) levels under drought, Gunasekera 
and Berko witz (1993) conclude that stress effects on an enzymatic step 
involved in RuBP regeneration must be responsible for a decreased 
photosynthesis. Within the sucrose production pathway an accumula- 
tion of fructose-2, 6-bisphosphate occurs under water stress (Reddy 
1996). A comparative study of activity depression and recuperation of 
the CO^-fixing or accumulating enzymes carbonic anhydrase, PEP- 
carboxylase, and Rubisco, when leaf water potential becomes de- and 
increased was performed by Prakash and Rao (1996) - an increase in 
carbonic anhydrase activity as an assimilatory response to drought- 
increased ABA is reported by Popova et al. (1996). Leaf internal CO^ 
concentration (c.) under drought is influenced by the different sensitivi- 
ties to water stress of the stomatal control of CO^ uptake and the photo- 
synthetic assimilation process in the chloroplast. Upon water shortage, c^ 
is first reduced for stomatal limitation of CO^ uptake, than c. increases 
due to nonstomatal inhibition of photosynthesis. The species-specific 
minimal value of the quotient c./c^ [c^ = leaf external CO 2 concentration] 
and the water potential level when this quotient is reached are related 
together (Brodribb 1996). Assimilates available for export and storage 
are strongly reduced under a more severe water stress (Marur et al. 
1996). Rape photosynthetic adaptation to drought is accompanied by a 
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changed spectral reflexion index that again depends on leaf area and 
plant nitrogen status (C. R. Jensen et al. 1996). 



CAM is generally assumed to be a particular water-saving form of carbon assimilation. 
However, succulent C, and CAM plants with similar growth forms coexisting under the 
same environmental conditions may not always differ in their water use efficiency, ac- 
cording to comparative measurements by Eller and Ferrari (1997) with the Namibian 
Cotyledon orbiculata (CAM) and Othonna opima (C 3 ). Plants where CAM is inducible by 
NaCl or drought show modulative adaptations to the water stress situation at various 
integration levels (Liittge 1993): (1) turgor and gas exchange regulation at the whole- 
plant level, (2) metabolic adjustment at the cellular level, (3) adapted transport proteins 
at the membrane and (4) macromolecular level and (5) altered gene expression patterns. 
Particularly facultative CAM plants (studies within the Crassulacean genus Sedum: Lee 
and Kim 1994; Conti and Smirnoff 1994; Castillo 1996) are very versatile in the drought 
responses of their carbon metabolism. Besides Mesembryanthemum crystallinuniy the 
plant most renowned for its CAM induction ability (Liittge 1993) and representative of 
the Mesembryanthemaceae, also within the Portulacaceae genera with inducible CAM 
exist (Talinum with a maximum of 24% diel gain during the night: Guerere et al. 1996). 
The shift from full CAM to CAM idling in Xerosicyos danguyi (Cucurbitaceae) occurs 
when water potential drops steeply from -0.3 to -1.2 MPa at approx. 50% relative water 
content. This is accompanied by a strong ABA increase, bringing about stomatal closure 
and a higher availability of PEP-carboxylase, the of which is significantly decreased 
(Bastide et al. 1993). 

Leaf mitochondrial respiration exhibits a different sensitivity to chronic 
and acute water stress, respectively (Collier and Cummins 1996). Under 
reduced water potentials the reduced demand for shoot growth energy, 
fueled by mitochondrial respiration, is compensated by an increased 
demand for maintenance energy (Collier and Cummins 1993). The latter 
is, in part, provided by the alternative respiration pathway. In roots, 
water stress stimulates transiently both respiration pathways. 

An increased mobilization of nitrogen compounds occurs in tomato 
plants under water stress. It covers the nitrogen demand for a premature 
development of reproductive organs. Cytosolic glutamine synthetase 
gene expression is involved in this stress reponse (Bauer et al. 1997). 
Nitrate reductase is inhibited by water stress due to the action of the 
higher levels of free oxygen radicals that stimulate the hydrolysis of this 
protein (Kenis et al. 1994). 

Elevated levels of active oxygen under drought stress result from an 
increase in one-electron transitions of oxygen due to excess energy gain 
not used up in the photosynthetic process. Within the intermediate 
metabolic sequences the oxygen radicals create other free radicals so 
that radical-scavenging molecules and enzymatic processes become 
overstrained, and a control of radical activities is lost under continued 
severe stress (Elstner and Osswald 1993; Smirnoff 1993). At the end, 
structural decompartmentalization brings about cell death. An impor- 
tant source of active oxygen is a disrupted mitochondrial electron trans- 
port chain with an enhanced leaching of oxygen radicals from mito- 
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chondria to the surroundings (Leprince et al. 1993). Lipid peroxidation 
increases severalfold under such conditions in sensitive species (Olsson 
et al. 1996). Activity of the glutathione system, which removes a lot of 
dangerous radicals, becomes strongly increased when a moderate water 
stress is prolonged (Sgherri and Navari-Izzo 1995; Zhang and Kirkham 
1996). Cellular uptake of reduced glutathione is channeled by a specific 
transporter in the cell membrane that has a preference for oxidized glu- 
tathione (Jamai et al. 1996). In the poikilohydric Boea hygroscopicuy 
glutathione protects particularly sulfhydryl groups of the thylakoid pro- 
teins so that they remain in the reduced form despite a higher radical 
density in the dehydration-affected cells (Navari-Izzo et al. 1997). Some 
of the isoenzyme forms of manganese-superoxide dismutase which is 
involved in enzymatic radical scavenging processes are expressed only 
under abscisic acid (ABA) influence or under osmotic treatment (e.g., 
Sod3.2, -3.3 and -3.4), Sod3.1 -expression is independent from such an 
induction (Zhu and Scandalios 1994). 

Current knowledge of ABA action and signalling is summarized by 
Giraudat et al. (1994) The importance of this phytohormone in root- 
shoot signalling of drought stress with the consequence of stomatal clo- 
sure is beyond any doubts. ABA is required further in order to induce 
the gene expression of some stress-responsive proteins (Griffiths and 
Bray 1996). In roots, ABA concentration increases upon a drop in turgor. 
Its effect there prolongs the time when root growth under moderate wa- 
ter stress is still possible (Griffiths et al. 1996; Munns and Sharp 1993). 
Leaf and shoot growth, by contrast, cease then under the influence of 
ABA. Under such conditions, ABA accumulation in floral organs reaches 
half the concentrations found in vegetative plant parts, but reduces also 
here flower and fruit development (Westgate et al. 1996). When shoot 
turgor is kept (artificially) high, this ABA accumulation in floral organs 
and its developmental consequences do not happen, irrespective of a 
high shoot ABA supply from the root zone. Leaves metabolize xylem- 
delivered ABA rather quickly (half lifetimes about 1 h) and control by 
this way the duration of its effects on stomatal apertures and leaf growth 
(Jia et al. 1996). A markedly reduced turgor prolongs the lifetime of ABA 
in leaf tissues (Zhang et al. 1997a) as it does the increase in xylem pH 
(Jia and Zhang 1997). Under both conditions, reexportation of ABA 
from leaves to the shoot phloem is strongly reduced. Possibly, a rise in 
xylem sap pH, if this occurs under a decreased water potential, can by 
influencing the ABA turnover rate, control degree and duration of sto- 
matal closure under low water potential, not only of the root but also the 
shoots and leaves. 
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2 Root Water Uptake and Water Movement Through the Plant 

Root zone water reserves stem often from different sources and show a 
considerable degree of patchiness. The relative contribution of different 
soil layers to the plant's water supply were studied by analysis of stable 
isotope relations (Thorburn and Ehleringer 1995) or after application of 
radioactive tracers, e.g., by Thornburn and Walker (1994: utilization of 
stream water, groundwater or floodwater, respectively, by Eucalyptus 
camaldulensis populations), by Bishop and Dambrine (1995: exploita- 
tion of soil layers for water by Scots pine and Norway spruce root sys- 
tems), by Dawson and Pate (1996), and Farrington et al. (1996; both: 
seasonal exploitation of soil water resources, of Australian phreato- 
phytes in the first, of Eucalyptus marginata in the second paper). Forag- 
ing of roots for water and nutrients in a heterogenous soil is a well- 
known phenomenon. It has been described in detail in several studies. 
Only few of them may be cited for example purposes: palm root system 
in the Lamto savanna/Ivory coast (Mordelet et al. 1996), below-ground 
competition between shortgrass prairie Bouteloua tussocks (Hook and 
Lauenroth 1994), fine-root dynamics of a Michigan mixed hardwood 
forest (Pregitzer et al. 1993), of a Eucalyptus globulus plantation under 
different irrigation/fertilization treatments (Katterer et al. 1995), of corn 
(and other cereals) rooting patterns depending on soil penetration resis- 
tances, water and nutrient availability (Lipiec et al. 1993; Watt et al. 
1996). Zwieniecki and Newton (1995) describe how elongating roots 
exploit rock fissures as small as 100 pm. By X-ray computer tomogra- 
phy, Grose et al. (1996) demonstrated that water contents around the 
roots of wheat, radish, and cotton were of large enough range to provide 
heterogenous sites in the rhizosphere which favor or restrict the exis- 
tence there of different rhizosphere fungi. 

Water diffuses from bulk soil to the root surface along concentration 
(respective water potential) gradients. Kage and Ehlers (1996) calculated 
that no transport limitation for field crop water uptake will occur if 
rooting densities are higher than 0.1 cm Root-soil air gaps may offer a 
high resistance barrier for the soil-root water passage in arid habitats. 
North and Nobel (1997) showed that this really is the case in field-grown 
Agave deserti. However, they emphazise that these gaps beneficially 
maintain a higher root water potential in the early stages of drought. 
Later, they prevent a root-soil water loss under a water potential gradi- 
ent directed to the dry soil. Soil sheets around young roots intensify this 
protection against water leakage from plant to soil (Huang et al. 1993). A 
quickly reversible drought-dependent loss of root hydraulic conductivity 
of epiphytic cacti serves the same purpose (North and Nobel 1994). A 
good water uptake resumption after relief of drought depends upon the 
ability of near-surface roots to become functional rapidly (Wraith et al. 
1995). In Brassicaceae and related families, short, tuberized, hairless 
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roots are produced under drought stress. They withstand a prolonged 
drought period and give rise to a new functional root system upon rehy- 
dration. Endogenous ABA and auxin play a promotive role in this 
drought rhizogenesis (Vartanian et al. 1994). Shrubs of arid lands are 
well adapted to maintain high nutrient uptake capacities even under 
very low soil water potentials {Artemisia tridentata: Matzner and Rich- 
ards 1996). 

When soil water reserves become depleted, it is essential that plant 
roots can follow the retreating moisture front by growth. A moderate 
water stress (0.15 MPa) stimulates Pinus pinaster root growth despite a 
turgor reduction from 0.5 to 0.4 MPa. This growth under lowered water 
potential profits from wall loosening of the meristematic cells even un- 
der reduced turgor. At higher stresses, cell expansion ceases for reasons 
of complete loss of turgor (Triboulot et al. 1995). The more intense cell- 
wall loosening at low water potentials results from increased xyloglucan 
endotransglycolase activity (Wu et al. 1994, 1996) under the influence of 
higher ABA levels in the roots (Sharp et al. 1994). ABA is synthesized in 
water-stressed maize roots and accumulated by preference by young 
primary roots (Zhang and Tardieu 1996). A sufficient ascorbate supply 
decreasing cell-wall-bound peroxidase activities favors root elongation 
growth (Del Cordoba-Pedregosa et al. 1996); elevated root zone CO^ con- 
centrations are beneficial for intensive root growth (Ferris and Taylor 
1994). Root orientation during the elongation growth is both hydro- and 
gravitropic (Takahasi 1994; Nakamoto 1995). The root cap is the sensory 
site for the environmental stimuli. The expansion of the mucilagenous 
root tip of maize was studied in a series of papers by McCully and co- 
workers (Selaey et al. 1995; McCully and Selaey 1996; McCully and Boyer 
1997). Unlike the expanded blob on water-surrounded root tips in hy- 
droponic experiments, the mucilage in a soil is a dry coating over the tip 
of which soil particles adhere. Upon water supply, it increases in a swel- 
ling type of kinetics, with no change in carbon concentration between tip 
and periphery. At its surface a condensed gel phase seals the imbibed 
mucilage that has no water- retaining capacity. It slows root tip desicca- 
tion only by pulling together soil particles and increasing the capillary 
forces between them. It functions as a lubricant, facilitating root exten- 
sion into the soil. Bret-Harte and Silk (1994) emphasize that the carbo- 
hydrate demand at the root tip is higher than the possible sucrose supply 
only by symplasmic diffusion (root tip plasmodesmata structure and 
composition: Turner 1994). 

Only a minor amount of the water taken up into the roots passes the 
root tips, the greater amount enters the plant behind them, across the 
rhizodermis with its various cell types. The root tip bypass interface to 
the soil is not controlled by a suberized Casparian band. It makes up 
only 0.031% of the total surface area of a maize root endodermis system 
(Steudle et al. 1993). Dolan (1996) gives an overview of the ontogeny of 
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root epidermis patterning, Peters and Farquhar (1996) review what is 
known about root hairs. If an exodermis exists with suberized cells, as in 
onion roots, a cell dimorphism is found with long and short cells 
(Peterson and Waite 1996). The latter function as passage cells, having 
less dense suberin lamellae and thin cell walls (Peterson and Enstone 
1996). Exodermal passage cells have a cytoplasmic structure, suggesting 
an active role in ion uptake. The hydraiilic conductance of the root cell 
membranes depends on their (P- and N-)nutritional status and is influ- 
enced by temperature effects on membrane fluidity (Carvajal et al. 1996). 

Radial water flow across the cortex and the endodermis is best charac- 
terized by the "composite transport model of the root" (Steudle 1994) 
that includes both apoplastic and symplastic transport. The prevalence 
of the latter is emphasized by Varney et al. (1993) based on fluorescent 
tracer studies. With a pressure-clamp technique, Magnani et al. (1996) 
determine the (symplastic) cell-to-cell conductance as 43% of the whole- 
root conductance. Drying/rewetting treatments of Opuntia roots indi- 
cate hydration-dependent variable apoplastic conductivities of the cor- 
tex (North and Nobel 1996); the overall hydraulic conductivity of Opun- 
tia roots is drastically lowered by low temperatures (Cui and Nobel 
1994). Whole-root hydraulic conductivities and their components 
(review: Huang and Nobel 1994) were studied comparatively in shallow 
vs. deep lateral roots of Gutierrezia (Wan et al. 1994) and of Australian 
Proteaceae roots (Pate et al. 1995), in Gossypium roots (Yang and Grantz 
1996), and in Norway spruce (Hallgren et al. 1994). The latter study pays 
particular attention to the effects of either hydrostatic or osmotic forcing 
of water through the roots when quantifying the hydraulic properties. 
The different forces influence the relative contributions of apoplastic 
and symplastic water flow to the overall conductance. Osmotic gradients 
cause a much smaller water flow than hydrostatic ones (Steudle and 
Frensch 1996). 

After symplasmic passage of the endodermis, water and solutes are 
released to the xylem. Cations and anions are transported from xylem 
parenchyma cells to the vessel apoplast through various channels, acti- 
vated at different membrane potentials (Wegner and Raschke 1994). The 
simultaneous flow of the differently charged ions is probably driven by 
electrochemical gradients that are built up by the ion exchange proc- 
esses along the radial pathways across the root. 

Xylem vessels are fully functional only if forming pipes of dead cells, 
then offering the least transport resistance for the water flow through the 
plant and not impeded by remnants of degenerated protoplasm in the 
cell lumina (Mapfumo et al. 1993; Wang et al. 1994). Their ontogenetic 
beginning as living cells is, however, of great importance for the future 
function: developing vessels accumulate the highest potassium concen- 
trations of all root tissues (up to 190 mM: McCully 1994). This guaran- 
tees full turgescence by osmotic water attraction even in competition 
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with other cells (root sieve tube osmotic potentials: -1.4 MPa: Pritchard 
1996). Embedded into a parenchyma without any voids, they are embo- 
lism-free starting points for the water columns under tension, higher up 
in the shoot xylem. Similarly, an uninterrupted hydraulic continuity 
must exist between living and dead cells in the shoot xylem. The cam- 
bium layer probably plays an important role under this aspect. Eventu- 
ally, even an ultrafiltration from phloem to xylem following the water 
potential gradient occurs there (Miinch water) so that the outermost 
xylem vessels show higher than average water potentials. Milburn (1996) 
indicates this mechanism of xylem water supply in order to explain the 
only small xylem tensions measured by Zimmermann with a pressure 
probe and offered in evidence for his challenge of the cohesion theory 
(Zimmermann et al. 1994; see Prog Bot 56, 66). Possibly, it is simply a 
tension release by aspiration from outside that occurs in the attempts to 
measure directly with a pressure probe the negative xylem pressure 
when the vessels become pierced by the pressure probe and no living 
plasma seals the lesion (as is the case in living cells), possibly the values 
reported by the Zimmermann group are meaningful. Anyway, the pres- 
sure probe data are in clear conflict with the coherent body of evidence 
in favor of the cohesion theory (Steudle 1995; Richter 1997). The occur- 
rence of reasonable (negative) water potential values in the xylem is 
proven by measurements with methodically quite different approaches 
(psychrometry, pressure bomb, osmotic methods, determination of 
equal xylem embolism thresholds under pressure and tension: Sperry et 
al. 1996), and it agrees with water potential thermodynamics. The cohe- 
sion forces between water molecules and the physical laws of capillarity 
permit also from a theroretical point of view the low water potential 
values that are reported a hundred times in the ecological and physio- 
logical literature. Experimental determinations of moderate tensions 
sustained maximally by water in glass capillaries (Smith 1994) fall short 
of considerably more negative water potential thresholds of water col- 
umn rupture in real plant axes under centrifugal tension (Holbrook et al. 
1995). Also an additional compensating pressure theory (Canny 1995) 
need not be called in, that demands positive pressures from the sur- 
roundings upon the tracheary elements. By this compensation pressure 
xylem water potentials remain, according to this hypothesis, at levels 
safe from cavitation. 

For acropetal water transport through the xylem, the cohesion theory 
of sap ascent in plants (Oertli 1993) requires a hydraulic continuum of 
the water colums in vessels even under strong tensions. It does not re- 
quire that xylem vessels remain free from embolism all their lifetime. 
The appreciation of xylem embolism as a catastrophic event has been 
abandoned thoroughly in the meantime. Rather, it became clear that 
every species has a certain cavitation water potential threshold (e.g., 
oaks: Higgs and Wood 1995; Curatella: Sobrado 1996; Ochroma and 
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Pseudobombax: Machado and Tyree 1994). Only beyond the threshold 
range does an exponential increase of the vessel embolism occur and 
become dangerous ("runaway embolisms"). This threshold is determined 
by hydraulic respective acoustic "vulnerability curves" (methods of de- 
termination: Kolb et al. 1996; Jackson and Grace 1996). Under normal 
habitat conditions, minimal water potentials just approach this thresh- 
old in the worst case: if they became more negative, at least leaf and twig 
losses would occur or the plant would even die. Hydraulic vulnerability 
thresholds therefore sometimes determine the range of occurrence of a 
taxon (beech ecotypes: Borghetti et al. 1993; Acer grandidentatum: Alder 
et al. 1996; Larrea tridentata: Pockman and Sperry 1997) or even of 
vegetational units (riparian cottonwoods: Tyree et al. 1994b). However, 
leaf petioles, shoot branches, stems, and roots can have different embo- 
lism sensitivities (Hacke and Sauter 1996a), the roots being as a rule the 
most sensitive plant axes (Sperry and Saliendra 1994; Sperry and Ikeda 
1997). 

It is quite normal that during a vegetation period the majority of the 
vessels ceases functioning for reasons of drought embolism. Repair is 
rare, but can occur (Edwards et al. 1994) when during a rainy and nearly 
transpirationless period stem water potentials are raised to nearly zero 
and, additionally, root pressure pushes water upwards. This is often the 
case in moist-tropical environments, and lianas with their wide vessels 
and long axes profit from such a repair mechanism (Cochard et al. 

1994) . Much more commonly, frost-induced embolisms of plants in 
winter-cold climates (Sperry et al. 1994) become repaired after thawing 
(Tognetti and Borghetti 1994; Hacke and Sauter 1996b). With winter 
temperatures around 0 °C, Juglans xylem experiences slight tensions at 
positive, slight pressures at negative temperatures (Ameglio et al. 1995). 
In the latter case partial repair of the xylem embolisms occurs. Strongly 
increased cambium activity in spring (beech: Magnani and Borghetti 

1995) and the production of new tracheary elements thereafter compen- 
sates for embolisms that end the operational lifetime of the individual 
vessels or tracheids. With respect to time, they function like any other 
cellular structure and metabolic process: sensitive for disturbance and 
failure in a metastabile steady state. Replacement of functionless vessels 
by new ones is particularly important in ring-porous trees that by win- 
terfrost embolism lose > 90% of the hydraulic conductivity developed 
during a vegetation period (Sperry et al. 1994). 

Sensitive stomatal regulation prevents in many plants water poten- 
tials from approaching the critical vulnerability threshold (e.g., oaks: Lo 
Gullo et al. 1995; Tyree and Cochard 1996; Cochard et al. 1996). When 
stem water potentials approach the high vulnerability threshold of the 
tropical hemiepiphyte Clusia uvitana, imminent damage is avoided by 
switching to the water-saving CAM under drought (Zotz et al. 1994). 
There are, however, many species with poor stomatal regulation during 
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the day so that their water potential drops to very low values. As a rule, 
their vulnerability threshold is very low for reasons of the particular 
anatomical structure of the xylem elements (small pores in the pit mem- 
branes of mostly also small vessels: Hargrave et al. 1994). Once the vul- 
nerability threshold is approached, leaf loss occurs (Juglans: Tyree et al. 

1993) reducing the transpiring surface and alleviating by this feedback 
the drop of water potential (Tyree and Cochard 1996). Shoot water up- 
take at prestress levels can occur then only after sufficient new vessels 
are produced or after repair of embolisms (roses: Van Doom and Suiro 
1996). The coexistence of drought- deciduous and evergreen trees in a 
tropical dry forest can be related to the different sensitivity to embolism 
of the two life-forms (Sobrado 1993). Comparative studies on embolism 
threshold and habitat growth conditions were carried out with several 
Californian chaparral species (Kolb and Davis 1994; Jarbeau et al. 1995; 
Langan et al. 1997), but even species within one genus can differ drasti- 
cally in their susceptibility to embolism (Van Doom and Jones 1994) so 
that they are restricted to habitats of different drought stress probabili- 
ties. Xylem- invading parasites (e.g., the nematode Bursaphelenchus xy- 
lophilus causing pine wilt disease) exagerate the danger of embolism in 
an advanced stage of infection (Ikeda 1996). 

Roughness of the internal surface of vessel walls (Roth 1996), shape of 
perforation plates (Schulte and Castle 1993a, b) and interlacing of vessels 
(MacFall and Johnson 1994) have evolved during the cormophyte phy- 
logeny from a primitive to a very efficient status. This xylem evolution 
occurred in several parallel progressions under the selection pressure to 
increase efficiency and safety of hydraulic architecture (Baas and 
Wheeler 1996). The Silurian/Devonian Rhyniales still lacked a developed 
endodermis and an intraxylary parenchyma, but they were already free 
from gas spaces in the xylem, that was centered in a protostele (Raven 

1994) . An optimal relationship between water flow tension and conduc- 
tivity has probably been a goal of xylem evolution since then. The cen- 
tral position of conducting tissues is sufficient in slender plants. In wider 
plant axes the displacement of vessels to the shoot periphery (attempted 
by the actinostele, fully realized in the siphonostele) is the better solu- 
tion (Roth et al. 1994a, b; Roth and Mosbmgger 1996). Similarly, vessel 
diameter and wall structure evolution were under selection pressure 
from the danger of embolism (Tyree et al. 1994a). 

Mostly by anatomical characters determined are species-specific hy- 
draulic parameters that include the water flux per unit pressure gradient 
(Kj^), Kj = (leaf area)'\ (conductive stem cross-section area)'^ 

and the Huber value [(conductive stem cross-section area)(leaf area)'^)]. 
Kj^ of Eucalyptus lignotubers is half that of the stem (Myers 1995), and 
Huber values of hemi-epiphytic Ficus species are smaller than those of 
free-standing fig trees (Patino et al. 1995). In Scots pine, decreases 
with age (Mencuccini and Grace 1996), lupines with a comparatively 
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smaller root system have a three to five times higher than wheat 
(Gallardo et al. 1996). Loss of nearly one third of the conducting sap- 
wood area due to stem bending does not influence negatively the hy- 
draulic conductivity of Pinus taeda (Fredericksen et al. 1994). Probably, 
this high tolerance to function loss of parts of the xylem results from the 
involvement in acropetal water transport of most of the stem cross- 
section area of loblolly pine: the inner sapwood still carries one third of 
the sap flux density measured in the outer parts of the xylem (Phillips et 
al. 1996). A versatile reactivation of older vessels for water transport 
upon embolism blockade of earlywood vessels permits even in ring- 
porous oaks a certain amount of crown water supply (Granier et al. 
1994). Infrared thermography is a means to visualize such differential 
sap flow activities (Anfodillo et al. 1993). By the more conventional dye- 
infusion method, Larson et al. (1994) demonstrated strongly sectored 
hydraulic pathways in the stems of Thuja occidentalis. 

Velocity (Barrett et al. 1995; Cohen and Li 1996; Dye et al. 1996 - all 
focused upon method validation) and amount of stem sap flow is meas- 
ured by heat pulse and heat balance methods, respectively. Edwards et 
al. (1997) propose a unified nomenclature for sap flow measurements. 
Smith and Allen (1996) give an overview of the (commercially) available 
heat balance methods, Hatton et al. (1995) suggest optimal sampling 
strategies when heat compensation methods are applied. Improvements 
of existing approaches, methodical comparisons, special constructions 
or applications are described, among others, by Chandra et al. (1994), 
Gutierrez et al. (1994a), Weibel and De Vos (1994), Peressotti and Ham 
(1996), Kostner et al. (1996) and Herzog et al. (1997). Cienciala and 
Lindroth (1995) and Lindroth et al. (1995) determined by heat balance 
measurements the water expenditure in Salix viminalis energy plant 
forests as 2-4 kg H^O^ tree~\ Jimenez et al. (1996) calculated from heat 
balance measurements the transpiration of a Laurus azorica canopy. The 
value of 636 mm a ‘ is equivalent to 65% of the potential laurel forest 
evapotranspiration or 80% of the annual precipitation in the investi- 
gated area. 

Surprisingly, an appreciable shoot water flow occurs also in completely submerged 
aquatic plants or parts of them (Lobelia, Sparganium, Myriophyllum, Mentha aquatica), 
probably supplying nutrients from the root zone to distal plant parts (Sytsma and An- 
derson 1993; Pedersen and Sand-Jensen 1997). It is driven probably by root pressure and 
results in a clearly detectable guttation from the youngest leaves (Pedersen 1993, 1994). 

The xylem sap is a strongly diluted solution of inorganic ions (Engels 
andMarschner 1993; Dambrine et al. 1995), amino acids (Andersen et al. 
1993; Schneider et al. 1994; Ohtake et al. 1996), organic acids, sugars 
(Andersen et al. 1995a), phytohormones (Else et al. 1994; De Kock et al. 
1994; Motosugi et al. 1996), and even macromolecules (Munns et al. 
1993, Polle and Glavac 1993; Zimmermann et al. 1994). The concentra- 
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tions of these substances vary diurnally (Andersen et al. 1995b; Urresta- 
razu et al. 1996a) and seasonally (Rennenberg et al. 1994; Schill et al. 
1996). Root exudates often differ in the concentration of their contents 
from what is transported in intact plant stems (Schurr and Schulze 
1995). As a consequence of these differences and changes in time of xy- 
lem sap constituents (and velocity, e.g., volume per cross-section) also 
its pH value shows diurnal patterns of variation (Urrestarazu et al. 
1996b) that might function as a signal between different regions along- 
side the xylem pathway. With respect to drought signalling (A. B. Jensen 
et al. 1996), this occurs by a pH influence on ABA sequestration 
(Wilkinson and Davies 1997; Jia and Zhang 1997). ABA in the sap can 
rise more than ten times as a drought situation progresses (Jackson et al. 
1995: Pinus, Picea; Jokhan et al. 1996: Ricinus), Correia and Pereira 
(1994) report a 100-fold ABA concentration increase in Lupinus albus 
leaf xylem upon drought - by contrast, Triboulot et al. (1996) found no 
significant ABA increase under drought in Quercus twigs. When soil 
becomes dry (or more compacted: Mulholland et al. 1996a, b), somewhat 
higher amounts of ABA are synthesized in roots, and the xylem sap con- 
centration of the phytohormone becomes increased with this new ABA 
and with phloem-derived ABA. This results from the much reduced ABA 
catabolism in roots under drought (Liang et al. 1997). The higher ABA 
concentrations delivered to the leaves influence stomatal apertures, 
shoot elongation, and leaf extension growth. Under the influence of 
ABA, cell expansion is maintained in roots, but inhibited in shoots 
(Munns and Sharp 1993). Another group of root-borne phytohormones 
distributed in the shoot via the xylem stream are cytokinins. Their xylem 
sap concentrations are highest in the morning; loading of cytokinins 
into the sap depends upon the transpiration rate and is (in Urtica) influ- 
ence by the plant’s nitrogen status (Beck and Wagner 1994). The phyto- 
hormonal long-distance effects interact with hydraulic (Chazen and 
Neumann 1994) and electrical signals (Rekha et al. 1996), and may be 
modified by mycorrhizal influences (Auge et al. 1994; Ebel et al. 1994). 
Mansfield and De Silva (1994) review comprehensively the influences 
upon stomatal regulation of the hormonal signals from roots. 



3 Stomatal Biology, Transpiration and Evapotranspiration 

Osmoregulatory ion transport across guard cell plasmalemma and tono- 
plast (concerning the latter only a few studies can be mentioned, e.g. 
Amodeo et al. 1994; Ward and Schroeder 1994; tonoplast-bound ATPase: 
Willmer et al. 1994) provides the solute changes that bring about 
changed osmotic and turgor relations of guard cells (Meidner and Ed- 
wards 1996). These cell water paramenters control stomatal apertures, 
which, finally, constitute the very cause of short-term variable leaf con- 
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ductances for the water vapor transport from the plant to the atmos- 
phere. The ion transport occurs through transmembrane channels the 
gating of which is controlled by membrane polarization. Potassium 
channels (general overview: Hedrich and Dietrich 1996) exist in the 
guard cell plasmalemma and are either outward- (e.g., Lemtiri-Chlieh 
1996; Miedema and Assmann 1996) or inward-rectifying (e.g., Blatt and 
Thiel 1994; Kelly et al. 1995; Grabov and Blatt 1997). There are differ- 
ences, too, in channel-specific conductances (Wu 1995). Under depolari- 
zation of the Vida faba guard cell plasma membrane approx. 500 
efflux channels per protoplast are activated (Ilan et al. 1994). The con- 
ductance of hyperpolarization-activated channels (influx) becomes in- 
creased with decrease of the apoplastic pH (Ilan et al. 1996). A low con- 
centration of ATP is required for activation of the inward directed 
channels (Wu and Assmann 1995). As a rule, functional aspects of these 
potassium channels were studied by patch clamp techniques. Attention 
was particularly paid to possible interactions between the channel pro- 
tein complexes (Hoth et al. 1997) and phytohormones (auxin: Thiel et al. 
1993; Dunleavy and Ladley 1995; ABA: Schwartz et al. 1994; Lemtiri- 
Chlieh 1996; Li and Assmann 1996). 

Aspects of the signal transduction pathway of ABA in guard cells that 
brings about stomatal closure were investigated in several studies, but a 
concise picture of the whole process does not yet exist. From the contin- 
ued ability of ABA-injected, still viable Commelina stomata to open, 
Anderson et al. (1994) conclude that the primary ABA reception site 
must be on the extracellular side of the plasma membrane. Then, a 
phospholipase-linked G-protein (Guanosin triphosphate-binding pro- 
tein) must be involved in the signal transduction cascade (Lee et al. 1994; 
Wu and Assmann 1994). Mori and Muto (1997) determined the molecu- 
lar weight of such an ABA-responsive protein to be 48 kDa. Extracellular 
Ca^"^ seems to be required for its activation. Probably the ABA-respon- 
sive kinase together with a Ca^"^-dependent activator kinase constitute 
the membrane-linked system that increases the gating of K"^-effluxes and 
the subsequent stomatal closure. The conductance of inward rectifying 
potassium channels is probably affected by higher cytosolic ABA con- 
centrations (Schwartz et al. 1994). Here, too, protein kinases must be 
operative (Li and Assmann 1996). It seems to be evident that ABA influ- 
ences different channels from both sides of the plasma membrane. 
The situation is complicated further by events at the tonoplast mem- 
brane. Here, cell-internal ABA modifies channel conductances, the gat- 
ing of which is dependent upon the cytosolic potassium concentration 
(MacRobbie 1995). The effect of the latter upon the K^-current of out- 
ward-rectifying channels was investigated by Lemtiri-Chlieh (1996). 

Calcium involved in these partly interacting sequences of metabolic 
events is not only taken up from outside via Ca^^-channels, but also lib- 
erated from storage compounds (Lemtiri-Chlieh and MacRobbie 1994). 
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Upon ABA treatment of Vida faba protoplasts, the guard cell levels of 
inositoltrisphosphate (IP 3 ) increase strongly (Y. Lee et al. 1996c). An IP 3 
interaction with the endoplasmatic reticulum is accompanied by a cy- 
tosolic Ca^^ accumulation. Also the calmodulin-Ca^"^ system is involved 
in such shifts in the cytosolic calcium status (Nejidat 1995; Cousson et al. 

1995) that control the membrane channel gatings. On a protein basis, 
calmodulin is three- to sevenfold more abundant in guard cell than in 
mesophyll cell protoplasts, and many guard-cell proteins bind calmodu- 
lin in a Ca^^-dependent manner (Cotelle et al. 1996). From the apoplastic 
Ca^^ pool the ions can enter the guard cell interior by a specific stretch- 
activated channel and using the incomplete specificity of K"^-influx 
channels. Across the tonoplast voltage-gated Ca^"^ release channels exist 
(Allen and Sander 1994, 1995, 1996), which are affected in a feed-forward 
manner by the cytosolic [Ca^^] and in a feed-back manner by dephos- 
phorylation processes in the guard cell cytoplasm. Influencing probably 
the cytosolic Ca^^ homeostasis, also cytokinins have an influence on the 
guard-cell metabolism (Darjania et al. 1994). Oxidative substances at low 
concentrations promote stomatal closure (McAinsh et al. 1996) by their 
effects upon the cytosolic free Ca^^ (at higher concentrations they de- 
stroy the membranes). Increases in cytosolic Ca^"^ occur under an ele- 
vated CO 2 supply to the guard cells, suggesting that calcium may act as a 
second messanger in the CO^ signal transduction pathway (Webb et al. 

1996) . 

Changed leaf-internal CO^ concentrations modify also the malate 
concentration in guard cells. This again effects the voltage-dependent 
properties of the anion-release channel of the plasma membrane and 
may therefore be one step in the CO^-sensing mechanism of guard cells 
(Hedrich et al. 1994). This channel is activated by cytoplasmic ATP in a 
pH-dependent manner. The activation process involves the interaction 
of four ATP-binding sites (Schulz-Lessdorf et al. 1996). Fast and slow 
gating modes of this channel are transformable (Dietrich and Hedrich 
1994), its ability for anion discrimination is low (Schmidt and Schroeder 
1994). The anion release brings about a membrane depolarization 
(Schwartz et al. 1995) and in this way influences the conductivity also of 
other transmembrane channels. 

The apoplastic supply of osmoregulatory solutes to the guard cells is to some extent 
decoupled from the overall xylem sap solute concentrations. If supply falls to rather 
low values under zero fertilization stomatal apertures are not much affected, probably 
for reasons of substitution by other solutes (Ridolfi et al. 1994). On the other hand, 
Ca^^ concentrations in the region adjacent to the guard cells do not increase higher than 
0.05 mol m’^ ([K^] = 50-75 mol m'^) even if much higher calcium amounts 

(concentrations up to 4 mol m‘^) are delivered to the leaf in the xylem sap (De Silva et al. 
1996). Particularly calcicole plants must possess very efficient mechanisms in order to 
keep the high calcium load of xylem sap away from access to the guard cells; otherwise an 
- in nature nonexistent - malfunction of the stomata would occur (De Silva and Mans- 
field 1994). 
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While under natural conditions the degree of nutrient supply is a long- 
term characteristic of the growing place, plant water supply, and the 
atmospheric environment undergo medium-to-short-term changes. 
Stomatal responses to them change in their intensity, but not quality 
during the ontogenetic development (Tewolde et al. 1993; Yu et al. 1996). 
Different water supply to the leaves may influence stomatal apertures by 
direct hydraulic transmission of the xylem water status to the epidermis 
(Fuchs and Livingston 1996), but, as a rule, an involvement of an ABA- 
mediated drought signal transduction can be detected. Stomatal re- 
sponse characteristics to ABA are more sensitive in the beginning of a 
drought stress cycle (Peng and Weyers 1994) than at the end, when water 
stress is very severe (Correia and Pereira 1995). Greenhouse-grown 
plants respond to water deficits and ABA treatment less sensitively than 
outdoor-grown individuals (Hirasawa et al. 1995). Superimposed on the 
stomatal responses to plant drought stress are responses to VPD^a, the 
water vapor pressure difference between leaf and the ambient air (Gucci 
et al. 1996). The normally very strong VPD^^ responses of stomata 
(Comstock and Ehleringer 1993) become even intensified when wind 
reduces the leaf boundary layer (Aphalo and Jarvis 1993; Gutierrez et al. 
1994b). They are reduce^ but not absent, if the whole canopy conduc- 
tance under a changed bulk air VPD^^ is studied (Pitacco and Gallinaro 
1996: assessment by micrometeorological methods of canopy partition- 
ing between latent and sensible heat under a varied VPD^^). In rare cases 
the stomatal VPD^^ response is so drastic that with an increase of VPD^^^ 
at higher rates even a decrease in steady-state transpiration occurs 
("feed-forward responses of stomata", critical verification: Franks et al. 
1997). It is still a matter of debate whether this response essentially oc- 
curs to a changed humidity situation or a changed transpirational water 
loss (Assmann and Gershenson 1991; Monteith 1995; Bunce 1997). This 
has implications for either the hydropassive or hydroactive nature of the 
underlying mechanism. There are indications that ABA is involved in 
stomatal responses to humidity under an unchanged bulk leaf water 
potential (Bunce 1997; Kerstiens 1997), indicating a hydroactive process. 
Stomata of the CAM plant Plectranthus marrubioides respond to altered 
humidity in the dark phase (Herppich 1997). This indicates that the 
mechanism is functional also in highly CO^ responsive stomata. Leaf 
carbon gain becomes reduced in this case, however, only under very 
high VPDla values. In C 3 plants {Vida faba) the relative stomatal sensi- 
tivity to VPDl^ decreases with both leaf temperature and CO^. [COJ 
during growth is more important than the actual [COJ at the time of 
measurements (Wilson and Bunce 1997). This acclimation of the sto- 
matal CO 2 response to elevated CO^ - and in a manner similar to the 
temperature response to the prevailing growth temperature - was found 
in several studies (e.g., Chen et al. 1995; Santrucek and Sage 1996) indi- 
cating adaptational trends to keep an homeostasis in carbon gain. The 
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irradiance responses of Phaseolus vulgaris stomata are more sensitive 
under drought than under well-watered conditions, the closing response 
upon (experimental) darkness always being nearly twice as rapid as the 
opening process under light (Barradas et al. 1994). Irradiance gain dur- 
ing previous days can influence the sensitivity and velocity of stomatal 
movements (Blom-Zandstra et al. 1995). A light stimulus that induces 
stomatal pore opening in epidermal strips from Mesembryanthemum 
crystallinum leaves in the C 3 mode of photosynthesis is ineffective when 
CAM has been induced (Mawson and Zaugg 1994). Also a light- 
dependent zeaxanthin formation in guard cell chloroplasts does not 
work in this case. Possibly, there is a regulatory link between the altered 
xanthophyll cycle in the CAM mode of ice plant leaves and the shift from 
diurnal to nocturnal stomatal opening (Tallman et al. 1997). Only the 
blue light responsive sensor is operative in this facultative CAM species. 
Parvathi and Raghavendra (1995) emphasize that this plasmamembrane 
redox system functions as a third bioenergetic process that provides the 
energy required for guard cell ion uptake, besides respiration and pho- 
tosynthesis. ABA inhibits the polarizing transmembrane proton trans- 
port effected by the plasmalemma blue light absorption (Goh et al. 
1996). The blue light absorption also exerts regulating effects upon the 
respiratory electron flow in guard cells via either the cytochrome or the 
alternative pathway (Mawson 1994). 

From the differentiated responsiveness of stomata to the influencing 
factors diurnal courses of leaf conductances and transpiration result, the 
shapes of which mirror the gradual change or the short-term fluctua- 
tions of the microclimatic situation on the one hand, and are partly de- 
coupled from the daily march of evaporation on the other. Measure- 
ments of diurnal courses of transpiration together with values of plant 
water potential, carbon gain, nutrient turnover, and with microclimate 
and soil water data can characterize the ecological situation of the par- 
ticular habitat or the ecophysiological peculiarities of individual species 
(e.g., Meinzer et al. 1996; Acacia koa stands; Gallego et al. 1994: Quercus 
pyrenaica forests; Koch et al. 1994: rainforest canopy surface gas ex- 
change). Many relevant studies derive from measured data models that 
describe patterns of stomatal behavior and/or attempt an upscaling from 
leaf level transpiration to canopy water loss (mostly using Penman- 
Monteith-type calculations, see Prog Bot 55, 87-89). As examples for the 
first type of generalization of actual data with the aim of prognostic pur- 
poses, Pitman may be cited (1996: tropical evergreen dipterocarp 
Hopea), also Bailie et al. (1996: roses under greenhouse conditions), or 
Sala and Tenhunen (Quercus ilex). Successful attempts for upscaling and 
prognoses of evapotranspiration were reported, among others, by 
Kowalik et al. (1997: Tuscanian mountains beech forests), Aschan et al. 
(1997: Canary Islands laurel forests), Granier and Breda (1996: sessile 
oak forest) and David et al. (1997: Eucalyptus plantation). Transpiration 
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data as measured by porometry or heat balance techniques were com- 
pared in several studies with results of micrometeorological approaches 
(Bowen ratio, eddy correlation, or similar techniques). Agreement of 
results obtained independently by the different methods serves as a 
mutual validation of the measurement approaches (e.g., Loustau et al. 
1996; Berbigier et al. 1996: Pinus pinaster forest in Portugal; Herbst et al. 
1996: maize field in northern Germany, Busch et al. 1996; Ammann et al. 
1996: triticale field). Such procedures proved to be useful also when ef- 
fects upon the stand hydrology had to be assessed of successional re- 
placements of dominating plant species (e.g., Quercus virginiana sa- 
vanna invasion by Juniperus ashei: Owens 1996; Cladium repression by 
spread of Typha in Florida Everglades: Koch and Rawlik 1993). 
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Dynamics of Nutrient Transport from the Root 
to the Shoot 

By Ulrich Schurr 



1 Why Study Dynamics of Nutrient Transport? 

In 1990, Tanner and Beevers stated that transpiration was of minor im- 
portance for nutrient transport, since they could find no differences in 
growth of plants when grown at very different air humidities and there- 
fore very different transpiration rates. This paper provoked a consider- 
able amount of response (e.g. Smith 1991), which clearly showed the 
need for a critical reevaluation of processes involved in nutrient trans- 
port in the xylem sap. 

Considerable interaction takes place between the nutrient transport 
in the xylem and water transport, since nutrients are often dragged pas- 
sively with the mass flow of water. The mode of water transport in the 
xylem is presently under debate (e.g. Zimmermann et al. 1994, 1995a; 
Steudle 1995), a topic which is clearly beyond the scope of this chapter. 
However, it is obvious that changes in the knowledge of water transport 
in the xylem might influence the approach to nutrient transport in the 
xylem. 

Nutrient transport inside the plant is a very dynamic process, which 
plays a crucial role in supply of the parts of the plant with basic sub- 
stance and therefore has significant importance not only for academic, 
but also for practical reasons. Nutrient transport - obviously not only in 
the xylem, but also in the phloem - and the local processes of ion trans- 
port, no matter whether active or passive, are the mechanisms underly- 
ing the distribution of nutrients in the plant. Ions which are metabolised 
(e.g. most of the inorganic anions) usually have to be transported to the 
site of assimilation and, last but not least, nutrient fluxes themselves 
have considerable regulatory impact on, e.g. nutrient uptake and assimi- 
lation (Pitman 1988; Marschner et al. 1996). 

This chapter can obviously not cover all the mentioned aspects in 
detail, especially since the entire field is currently undergoing significant 
changes, but will focus on recent work on dynamics of nutrient transport 
from the root to the shoot and the processes, which determine this dy- 
namic behaviour in intact plants. The review should be seen as a mo- 
mentary and subjective impression of an active area of research. 
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2 Appropriate Methods 

Adequate methods to sample xylem sap are crucial to study the dynamic 
variations of xylem sap composition and nutrient fluxes. Since the cur- 
rently available techniques have recently been reviewed (Schurr 1998), 
this chapter will cover only some basic comparison of the techniques 
relevant for the topic of nutrient dynamics. Since we are mainly inter- 
ested in the nutrient dynamics under natural conditions, the basic re- 
quirement of a technique is not to interfere with the forces and processes 
that govern nutrient fluxes in intact plants. 

Common techniques like root pressure exudation and the Scholander 
bomb method include action destructive to the plant and thus contain 
the risk of massive interference with the relevant processes determining 
nutrient fluxes in intact plants. This is not to say that these methods 
provide no relevant information, but one must always keep in mind 
their limitations, and calculations of ion balances based on these are 
questionable. 



a) Root Pressure Exudation 

One main difference between root pressure exudates and xylem sap 
from intact plants is that the flux rates at which these solutions have 
been sampled differ significantly. Usually, the exudation rates are in the 
range of a few microliter per minute, while the fluxes in intact plants 
across the same cross-section can be higher by up to 100 times (Schurr 
and Schulze 1995). This obviously causes differences in the dilution of 
the ions loaded into the xylem by active transport processes in the root. 
Application of pneumatic pressure to the root system can increase the 
flux to transpiration-like rates, but even though the concentrations in 
the exudates under these conditions are in the range of saps from intact 
plants, the relative abundance of various ions is changing (Schurr and 
Schulze 1995), due to obvious impact of the sampling method on other 
processes that influence xylem loading (see below). 



b) Scholander Pressure Method 

The classical Scholander bomb technique has been criticised over the 
years for many reasons (Berger et al. 1994; Zimmermann et al. 1994), 
especially for the risk of variation in the composition of the sap in the 
xylem after the abscission of the piece of plant by local water and ion 
fluxes (Schurr 1998). Although it is clear that results obtained with this 
technique have to be interpreted with care, in many cases, especially in 
field studies, it is the only method which can be applied. Then, however. 
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it needs careful controls and should be evaluated against a more defined 
technique (McDonald and Davies 1996). 



c) Xylem Pressure Probe 

This most refined method for sampling of xylem sap is based on the 
xylem pressure probe (Balling and Zimmermann 1990), which allows 
individual xylem vessels to be punctured by a glass capillary. The capil- 
lary is pushed into the tissue until a negative pressure value indicates 
positioning in a functional xylem vessel. For sap sampling the negative 
pressure is compensated by application of pressure to the root system 
(Zimmermann et al. 1995b). The technique has its strength in mechanis- 
tical approaches to xylem transport of nutrients, especially if very small 
sample volumes can be handled (Bazzanella et al. 1997) and when local- 
ising tracer techniques are applied (Kuhn et al. 1995; Schroder et al. 
1996). However, its application in studies on ion balances is limited by 
the susceptibility of the xylem to cavitation during sampling. Addition- 
ally, since significant differences in individual xylem vessels have been 
detected by this method (Marienfeld et al. 1996), it is necessary to collect 
very many samples to obtain the mean values relevant for calculation of 
ion balances of entire plant organs. 



d) Root Pressure Chamber 

This technique allows xylem sap to be sampled continuously from intact, 
transpiring plants, which is an essential prerequisite to studying dynam- 
ics of nutrient transport in the xylem (Schurr et al. 1998). However, it is 
obviously a laboratory method, since it requires sealing entire root sys- 
tems inside a pressure chamber (McDonald and Davies 1996). 

Xylem sap is gained by compensation of the tension inside the xylem 
by application of pneumatic pressure at the root system. This can be 
done over a period of several days without significant alteration of gas 
exchange, growth and phloem transport (Schurr et al. 1998b). The con- 
trolling device regulates the oxygen partial pressure in the pressure 
chamber additionally to adjusting the pressure itself. The limitation of 
the system to soil-grown plants was eliminated recently with the devel- 
opment of the so-called spray-pressure chamber (Schurr et al. 1998a), in 
which nutrient solution is supplied by nozzles to roots hanging freely in 
the gaseous atmosphere (aeroponic culture). The root-pressure tech- 
nique is presently the only method which allows continuous sampling of 
xylem sap from an intact, transpiring plant. 

From this short description of the methods, it is clear that each has its 
drawbacks in applicability and that there is a continuing need for tech- 
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nical development and comparison of the techniques. However, we have 
a suitable range of methods in our hands now for sampling xylem sap to 
study the dynamics of nutrient fluxes in intact plants. 



3 Temporal and Spatial Variation of Sap Composition 
and Nutrient Fluxes in the Xylem 

Strong diurnal variations in xylem sap composition of cations, anions, 
amino acids and in pH have been reported in sunflower, castor bean and 
poplar in experiments using the root-pressure chamber (Gollan et al. 
1992; Schurr et al. 1992, 1998a; Schurr and Schulze 1995, 1996). In all 
cases studied, the diurnal variations were much larger than the trend of 
the mean values with, e.g. stress treatments. Even in early papers, where 
we had not been aware of the intensity of diurnal changes, the variation 
of the concentrations in individual samples around the mean values can 
be attributed to diurnal changes (Gollan et al. 1992). This is clear, for 
example, from comparison of the range of diurnal variation in pH with 
the range of variation in drought stress treatments (Schurr and Schulze 
1996). Diurnal changes in xylem sap composition have also been found 
with different sampling methods and different species (Andersen and 
Brodbeck 1989; Andersen et al. 1993, 1995) including even tropical trees 
(Barker and Becker 1995). 

In many other cases, diurnal variations in exudation rate were re- 
corded (Passioura and Munns 1984; Fiscus 1986; Delhon et al. 1995b). 
Especially under conditions in which water is readily available for the 
root, this is indicative of a diurnal variation in nutrient transport into 
the xylem. However, the absolute values of the measured concentrations 
have to be handled with care, since it is clear that detachment of the 
shoot can considerably interfere with the processes determining nutrient 
transport into the xylem (Schurr 1998). 

Diurnal variations were observed in all analysed substances (Schurr 
and Schulze 1995). Three categories of substances have been suggested: 
In one category the diurnal course of concentration varied inversely with 
transpiration rate over the whole day. A second group showed high con- 
centrations during the night and lower concentrations during the day, 
but concentrations varied during the light period despite constant tran- 
spiration rates. The concentrations of the third category changed pro- 
portionally to transpiration, thus the dilution effect of transpirational 
flux was overridden by other processes (Schurr and Schulze 1995). How- 
ever, recent experiments show that amplitude and diurnal pattern of 
individual nutrients are very dependent on the availability of the indi- 
vidual nutrient for the root system (Schurr et al. 1998b). 

Mass fluxes of nutrients are dependent on the relation between con- 
centration in the xylem sap and flux rate of the xylem. However, it has to 
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be kept in mind that additional pathways for ion transport can contrib- 
ute to the distribution of ions in the plant. Ion transport in the xylem has 
some similarities with a liquid chromatographic system, since there is a 
"mobile phase” containing ion species, which can be exchanged with the 
surrounding "stationary phase” (Wolterbeek et al. 1984; Wolterbeek 
1987; Senden et al. 1992, 1994). The composition of the exchanging 
compartments is rather variable, and their exchange capacity can be 
varied by physicochemical and metabolic means, since it depends on 
passive and active exchange processes along the xylem. These properties 
of xylem transport have the potential to alter diurnal variations of mass 
transport in the transpiration stream by lateral exchange; however, sys- 
tematic experiments still have to be done. 

Mass flux-driven nutrient transport in the xylem can be calculated as 
the product of transpirational mass flux and concentration of xylem sap. 
Since we are interested in the nutrient fluxes in intact plants, we need to 
use methods which give concentration and transpiration values as they 
exist in intact plants. Appropriate methods for xylem sap sampling have 
already been described, but one has additionally to keep in mind that 
estimation of transpiration rate in standard gas exchange systems may 
not be relevant, since the conditions inside a gas exchange cuvette can 
be considerably different from freely transpiring plants. For example, 
when gas exchange systems with intensive mass fluxes of gas or fans 
inside the curvette are used, the boundary layer at the leaf surface is 
significantly smaller than in an undisturbed situation. This is intended 
when stomatal properties are to be studied, but it is obviously not the 
best way to quantitatively determine the relevant water fluxes for ion 
transport in undisturbed plants. It is not sufficient to simply lower the 
flux rate or the turbulent flow at the leaf surface, sine this can have 
equally disturbing impact on the driving forces of transpiration by alter- 
ing the water concentration around the leaf. Probably the easiest way is 
to weigh the plants carefully to obtain the entire shoot transpiration rate. 
Alternatively techniques need to be developed to measure and localise 
water loss in undisturbed conditions for leaves and parts of leaves, in 
order to obtain the data sets needed for calculations of localised ion 
fluxes. 

Dynamics of concentrations and fluxes of substances in the xylem 
have been modelled on the basis of their interactions (Fiscus 1986). This 
has been done extensively for whole plants in recent years, especially for 
the transport of abscisic acid, which is involved in root-shoot signalling 
in drought-stressed plants (Davies and Zhang 1991). Models have been 
established which predict that the concentration and the flux of abscisic 
acid will be constant throughout the day due to the inversely propor- 
tional action of release in the root and water flux (Tardieu and Davies 
1993; Jarvis and Davies 1997). This prediction seems to be true under 
certain conditions in the field; however, the relations between release 
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and dilution do not seem to be tightly controlled, since significant in- 
crease in abscisic acid during the day has been observed in Ricinus dur- 
ing well-watered and drought-stressed conditions (Schurr and Schulze 
1996). It is not astonishing that different drought conditions result in 
different dynamics of abscisic acid concentration and flux in the xylem, 
since many parameters play a role in the availability of abscisic acid for 
transport in the xylem including passive physiochemical processes 
(Hartung and Slovik 1991; Slovik et al. 1995) as well as metabolic control 
(Hartung et al. 1998; Wilkinson and Davies 1997). 



4 Processes Potentially Involved in Temporal Variation 

It is far from clear which processes contribute under which conditions to 
the temporal variation of xylem sap. However, it is possible to list a 
number of processes for which it is likely that they might contribute at 
least under certain conditions. This section emphasis the view that tem- 
poral and spatial variations are more likely to be normal than a constant 
xylem sap composition and that the plant has to cope with them, since 
they may have impact on leaf physiology via the apoplast concentration 
not only for stomatal control (Ruiz et al. 1993; Hartung et al. 1998), but 
also for nutrient fluxes. 



a) Availability to the Root 

Nutrient availability can vary in time and space due to many different 
processes in the soil (Nye and Tinker 1977; Cameron and Haynes 1986; 
Marschner 1995). However, in the context of this chapter, we are mainly 
interested in changes in nutrient availability that could be related to 
diurnally fluctuating nutrient fluxes in the xylem. Since these patterns of 
nutrient transport occur in soil and nutrient culture, it seems unlikely 
that they are due to changes in nutrient availability for uptake into the 
plant. Thus, nutrient availability is more likely to be involved in the 
amplitude of diurnal nutrient dynamics than in the pattern itself (Schurr 
et al. 1998a). 



b) Uptake 

Nutrient transport systems (Clarkson and Liittge 1991) and systems in- 
volved in nitrate and ammonium uptake in roots have recently been 
reviewed in this series (Peuke and Kaiser 1996). Though the molecular 
approach has given important additional information since then (Tsay 
et al. 1993; Touraine and Glass 1997 and references therein), this review 
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will concentrate on the physiological importance of uptake for the root- 
to-shoot supply and its possible role in the dynamics. 

In many cases, nutrient uptake has been reported to vary diurnally 
(Clement et al. 1978; Hanson 1980; Delhon et al. 1995a, b) and measure- 
ment systems with high temporal resolution are available (Hatch et al. 
1986; Macduff et al. 1997). The diurnal course of, e.g. nitrate uptake is 
rather variable. Macduff et al. (1997) found the highest net nitrate up- 
take during the late light period. Steingrover et al. (1986a, b) obtained a 
maximum of nitrate uptake during the first half of the dark period and 
Delhon et al. (1995a) report on a continuous decline in nitrate uptake 
immediately after the end of the light period. This is a situation which 
corresponds well to the variable diurnal courses of xylem sap composi- 
tion and nutrient fluxes in the xylem sap (Schurr et al. 1998a) and may 
be related to differences in plant species, nutrient conditions (Stein- 
grover et al. 1982; Macduff and Wild 1988) or even to the dual role of 
nitrate as key metabolite for nitrogen assimilation (Marschner 1995) and 
as an important osmoticum in the vacuole of the leaf (Steingrover et al. 
1982, 1986b; Bloom-Zandstra and Lange 1985, Stulen 1985; Veen and 
Kleinendorst 1985). The major variation seems to be in the influx com- 
ponent of nitrate, while the efflux remains rather constant (Pearson et al. 
1981; Delhon et al. 1995a). 

Nutrient uptake into the root is due to active and passive processes. 
Since active processes are energy-dependent, energy limitation could be 
relevant to diurnal variations of nutrient uptake and therefore indirectly 
to nutrient transport to the shoot. Close correlations were observed be- 
tween the diurnal course of import into the root system via the phloem 
(Rideout and Raper 1994) as well as for root respiration rate (Hansen 
1980) and root nitrate uptake. Under permanent light, nitrate uptake did 
not decline (Delhon et al. 1995a). This is astonishing on the basis of the 
estimation of energy consumption of nutrient uptake to be only 5% of 
the entire carbon catabolism in nitrate-supplied plants (Bloom et al. 
1992). This is significantly less than the 15% attributed to nitrate assimi- 
lation in the root system. However, nitrate uptake might be even less 
competitive for carbohydrates than nitrate reduction in comparison 
with root growth (Radin et al. 1978). At present it is not clear, if nitrate 
uptake is limited by the supply of carbon skeletons or energy per se, 
since external feeding of carbohydrates gave contradictory results 
(Touraine et al. 1988; Delhon et al. 1996b). 

Nevertheless, nutrient uptake is dependent on a functional phloem 
import into the root system, since girdling and lowering of CO^ concen- 
tration at the shoot prevented the increase in nitrate uptake when light 
was switched on (Delhon et al. 1996b). This supports findings in maize 
seedlings grown at low CO^ concentration (Pace et al. 1990), where the 
effect was less dramatic, probably due to continued supply of carbon 
skeletons from the endosperm. This adverse effect could be overcome by 
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addition of glucose to the rooting medium. Two hours after detachment 
of the shoot, root uptake rates for potassium, ammonium, nitrate and 
chloride declined in Hordeum vulgare (Bloom and Caldwell 1988). 
Clement et al. (1978) already noted that uptake rates into the root de- 
clined when they reduced the carbon status of the shoot by various 
means. It is not likely that nitrate uptake is subjected to a cascade of 
signals from the shoot, since defoliation, which also caused a decline in 
carbon availability to the root system, increased uptake rate of nitrate 
(Macduff and Jackson 1992) in order to sustain regrowth of leaves. 

Close interactions between a variety of ions have been observed (Lee 
and Drew 1989; Jackson and Volk 1995; Macduff et al. 1997). Especially 
potassium and nitrate seem to be closely linked in their uptake (Macduff 
et al. 1997). They show the same diurnal variation and a similar ampli- 
tude during the day. Since nitrate and potassium also exhibit a strong 
correlation during the diurnal course of the xylem sap composition 
(Schurr and Schulze 1995), this is clearly a hint that either uptake plays a 
crucial role for the diurnal variation in nutrient transport or that similar 
processes, but with an opposite direction, are. active in nutrient uptake at 
the root cortex and in xylem loading. Nevertheless, the amount of po- 
tassium taken up is less than the amount of nitrate, which indicates a 
significant proportion of potassium being cycled inside the plant (see 
below). 

Regulation of nitrate uptake depends on a series of signals from in- 
side the root and from the shoot. Nitrate uptake has been found to de- 
cline in response to accumulation of nitrate in the root system (Siddiqi 
et al. 1990; Mattsson et al. 1993; Imsande and Touraine 1994), while 
other studies indicate a demand-driven control for nutrients by the 
shoot (Engels et al. 1992; Engels and Marschner 1993, Imsande and 
Touraine 1994). However, the relation between diurnal variation of 
growth rate (Schurr 1997) and nutrient uptake or transport towards the 
shoot still needs to be established. Since the capacity of the shoot for 
nutrient assimilation varies with daytime, it is sensible to suggest that 
the diurnal variations in nutrient uptake (e.g. Macduff et al. 1997) are 
linked to the supply- demand status inside the plant. This is shown for 
phosphate (Clarkson 1988; Pitman 1988), sulphur (Rennenberg and 
Herschbach 1995; Lappartient and Touraine 1996) and most elaborately, 
for nitrate uptake (Imsande and Touraine 1994). Steingrover et al. 
(1986a, b) proposed a close link between the concentration of nitrate in 
the vacuoles of leaf blades with nitrate uptake on the basis of their stud- 
ies with spinach. However, it has not been tested yet if nitrate uptake is 
controlled by nitrate concentration or nitrate flux into the leaf, as has 
been proposed for nitrate reductase (Shaner and Boyer 1976; Barneix et 
al. 1984; Ingemarson 1987). Studies with barley mutants deficient in 
their nitrate reductase (King et al. 1993) show an inhibition of ^^N 03 * 
uptake, which hints at a signal directly from the nitrate pool itself, be- 
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cause these plants have low organic nitrogen status, indicating nitrogen 
limitation. This signal or the controlled process cannot prevent a mas- 
sive accumulation of nitrate in the shoots, as has been observed in to- 
bacco mutants and transformants with reduced nitrate reductase activity 
(Scheible et al. 1997). 

The nature of the signal(s) from the shoot is not clear yet. Malate 
(Touraine et al. 1992) and amino acids transported in the phloem have 
been supposed in the case of nitrate (Clarkson 1985, Cooper et al. 1986; 
Cooper and Clarkson 1989; Muller and Touraine 1992; Imsande and 
Touraine 1994; Barneix and Causin 1996). External application of amino 
acids has been shown to reduce nitrate uptake rate in a series of plant 
species (Doddema and Otten 1979; Breteler and Arnozis 1985; Lee et al. 
1992), with the influx system being affected by the treatment (Muller et 
al. 1995). However, the effectiveness of amino acids on the uptake dur- 
ing the diurnal course has not been thoroughly studied. Malate and 
other carboxylases have been proposed in the context of the Dijkhoorn- 
Ben Zioni hypothesis as being transported to the root to maintain charge 
balance when nitrate is reduced in the shoot (Ben Zioni et al. 1971). 
While a number of studies have calculated a considerable amount of 
carboxylastes transported towards the root from the shoot (e.g. Touraine 
et al. 1988), others indicate that most of the carboxylates remain in the 
shoot, which would diminish their potential role for controlling nitrate 
uptake (Peuke et al. 1996). Again, this might be dependent on the rela- 
tive contribution of nitrate and organic acids to the osmotic status of the 
leaf (Blom-Zandstra and Lange 1985). External application of malate has 
not been found to release the inhibition of nitrate uptake during dark- 
ness (Delhon et al. 1996a), while it increased nitrate uptake during the 
light period (Muller and Touraine 1992; Delhon et al. 1996a). On the 
other hand, glucose enhanced nitrate uptake when malate did not and 
vice versa, which again hints at a multilayer signal. Since such signals 
will be transmitted via the phloem, dynamic changes in phloem trans- 
port (Rideout and Raper 1994; Schurr et al. 1998b) to the root might 
have significant impact on nutrient uptake at the root system, and even 
the decline of nitrate uptake in response to a low humidity-high transpi- 
ration treatment has been explained on the basis of the lack of signals 
from the shoot under these conditions (Brewitz et al. 1996). 



c) Transport Through the Root and Xylem Loading 

It is difficult in the intact plant to distinguish between the direct effects 
of xylem loading in the stele and the impact of transport of the nutrient 
towards the loading site. It is beyond the scope of this chapter to list all 
the evidence for the different passage pathways of the individual nutri- 
ents towards the stele. It should be made clear, however, that since the 
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individual ions take different routes towards the xylem (Lauchli 1976; 
Clarkson 1988), they are clearly subjected to different processes of stor- 
age and release in the root system. Nutrients that are assimilated by the 
plant are additionally subjected to a diurnally varying metabolic activity 
of the root, which may have impact on the amounts delivered to the sites 
of xylem loading. Delivery of nutrients to the xylem-loading sites also 
depends on the abundance of other ions. For example, it has been sug- 
gested that a high availability of potassium at the root can favour nitrate 
throughput to the xylem over local nitrate reduction in the root itself 
(Forster and Jeschke 1993). 

Water flux through the root system can have significant influence on 
the partitioning of nutrients between the different compartments in the 
root. Delhon et al. (1995b) suggested that the reason for the accumula- 
tion of nitrate and compounds in the root during the night is a 
change in partitioning of nitrate between export into the xylem and as- 
similation/storage in the root system due to the decline of the transpira- 
tion flux. Intermittent storage and delayed export could even explain 
observations that during the light period more nitrate can be reduced 
than has been taken up (Rufty et al. 1984). Exchange of ions with com- 
partments parallel to the pathway towards the xylem is altered by tran- 
spirational flux (Jeschke 1984). Compartmental analysis using nitrate 
identified at least two compartments (probably cytoplasm and vacuole) 
in parallel to the pathway towards the xylem (Devienne et al. 1994a, b). 
Even interactions between the nutritional status due to a single ion 
(sulphate) and the delivery of nitrogen to the shoot have been attributed 
to variations of lateral fluxes in the root in response to changes in water 
conductivity of the root system (Karmoker et al. 1991; Carvajal et al. 
1995), plasma membrane fluidity (Carvajal et al. 1996a) and water chan- 
nel function (Carvajal et al. 1996b). These changes might also be linked 
to the diurnal variation of the reflection coefficients of the entire root 
system with transpiration rate in intact plants (Zhu et al. 1995, Schneider 
et al. 1997). These would be congruent with a higher degree of unstirred 
layers in the root system during the night, which could favour nutrient 
uptake into the cell over nutrient transport to the shoot - a yet un- 
proved, but interesting, prospective for the change in nutrient supply to 
the xylem loading sites, at least for those ions transported in the 
apoplast. The buffering effect and possibly intermittent storage in the 
root depends on the release characteristics when transpiration starts off 
again. 

Xylem loading is another crucial step by which the plant can regulate 
transport towards the shoot (Engels and Marschner 1992). This is most 
clearly shown by mutants, which have sufficient uptake of, e.g. phos- 
phate into the root, but lack the possibility to transport it to the shoot 
(Poirier et al. 1991). Analysis of nitrate during light and dark periods 
also indicate that the decline in transport towards the shoot is stronger 
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than the decline in nitrate uptake, which causes an accumulation of ni- 
trate in the root, while the shoot showed no diurnal variation in the 
same experiments (Delhon et al. 1995a). Similar indications exist from 
experiments in which additional sulphur was given to the shoots by 
gaseous supply. Demand-driven control acts on sulphur transport be- 
tween roots and shoots by affecting xylem loading (Herschbach et al. 
1995) and root uptake (Lappartient and Touraine 1996). 

Xylem-loading studies have often used perfused roots (Clarkson and 
Hanson 1986; Lacan and Durand 1996), since experiments at the level of 
membrane transport have been hampered until recently by the lack of 
methods to isolate the specific cells that fulfil this role in the root. Since 
the root cortex consists of a much higher number of cells than the stele, 
protoplast isolations from whole roots contained only a minor share of 
relevant cells. Xylem parenchyma cells isolated by progressive digestion 
of barley roots manifested three cation-specific rectifying functions and 
one anion-specific transport function (Wegner and Raschke 1994). Be- 
sides one inward-rectifying channel (KIRC), two outward- rectifying 
channels were characterised (Wegner et al. 1994, De Boer and Wegner 
1997) and shown to be influenced by different cytoplasmic and apoplas- 
tic effectors. Protoplasts isolated from the stele or the cortex separately 
show distinct features of their ion transport system (Roberts and Tester 
1995), with the predominantly inward-rectifying properties of the cortex 
cells favouring uptake from the apoplast, while the outward- rectifying 
channels in the stele might be responsible for xylem loading (Roberts 
and Tester 1997). On the basis of these analyses, the different channels 
were proposed to be involved in the control of root-to-shoot transport of 
nutrients (De Boer and Wegner 1997). 



d) Lateral Exchange on the Transport Pathway to the Shoot 

Lateral exchange of nutrients is due to loading or unloading processes 
along the xylem pathway to the shoot. It involves uptake into living cells 
including, e.g. surrounding parenchyma and phloem as well as the ion 
exchange characteristics of mainly the cell walls of the xylem strands and 
the surrounding tissue (Wolterbeek et al. 1984; Wolterbeek 1987). The 
latter phenomenon has not gained much attentin for "classicar nutri- 
ents, while significant effects have been shown for the transport of heavy 
metals towards the shoot (Senden et al. 1992, 1994 and references 
therein). The exchange capacity of the cell wall is large (Richter and 
Dainty 1989a, b) and the retention of calcium and even potassium rela- 
tive to water transport is significant and of importance during dynamic 
changes of xylem sap composition (Marienfeld et al. 1996; Schroder et al. 
1996). In conjunction with metabolically controlled changes in organic 
acid concentration in the xylem sap for complexation of ions (Wolter- 
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beek et al. 1984; Wolterbeek 1987) and pH variations (Gerendas and 
Schurr 1998), sorption-desorption processes could play an important 
role. 

Unloading along the xylem transport pathway provides the surround- 
ing tissues with nutrients and has the potential to buffer transport in the 
xylem by intermittent storage (Jeschke and Pate 1995). Perfusion ex- 
periments have been performed showing a homeostatic action of the 
surrounding tissue on the pH (Clarkson and Hanson 1986). In these 
experiments, root systems were detached and perfused with solutions of 
rather different composition. The pH at the outlet of the perfused tissue 
remained rather constant throughout the experiment even when very 
acidic or alkaline solutions were supplied. This was explained by the 
action of proton pumps, which has to be questioned on the basis of 
physiochemical analysis of the xylem sap (Gerendas and Schurr 1998). 
The relevance of this homeostatic function in intact plants is doubtful, 
since significant variations of pH have been found in the xylem sap of 
intact plants (Gollan et al. 1992; Schurr and Schulze 1995, 1996). One 
problem of perfusion systems might be the dysfunction of the phloem, 
since significant phloem-xylem and xylem-phloem transfer of ions and 
reduced nitrogen have been analysed in carbon/ion models (Jeschke and 
Pate 1991; Jeschke et al. 1996). This transfer can occur either via paren- 
chymatic cells or via specialised transfer or contact cells (Sauter 1982; 
van der Shoot 1989). 



5 Nutrient Fluxes on the Whole Plant Level 

Nutrient cycling plays important roles in the plant (Marschner et al. 
1996), including nutrition-related as well as regulatory functions. Thus, a 
range of different methods has been used to study this topic. 

Modelling of ion balances on the basis of cabon and nitrogen fluxes 
(Jeschke and Pate 1991; Jeschke et al. 1994a) has been very successful on 
the level of the individual leaf (Jeschke and Pate 1992), for quantification 
of the distribution fluxes in whole plants at different stresses and nutri- 
ent regimes (e.g. Peuke and Jeschke 1993; Jeschke et al. 1996) and even 
for the quantitative analysis of fluxes between host and parasite plants 
(Jeschke et al. 1994a, b; Tennakoon and Pate 1997). However, these 
models provide net fluxes of carbon, nitrogen and nutrients over a pe- 
riod of several days (usually over a 9-day period, Jeschke and Pate 1991), 
which are the results of obviously much more dynamic and ample fluxes 
in xylem and phloem (see above). It is this diurnal time scale of fluxes 
which needs to be to analysed in order to understand regulation proc- 
esses on the whole-plant level which integrate over the different organs 
and their function. 
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Tracer studies using radioactive or stabile isotopes can be used to 
determine fluxes within intact plants (e.g. Delhon et al. 1995a; Clarkson 
et al. 1996; Schurr et al. 1998a). The temporal resolution of this approach 
depends mainly on the analytical technique and the intensity of label 
(Clarkson et al. 1996). Very high temporal resolutions can be obtained 
by short-lived isotopes like and "C, but these require cyclotron ac- 
cess. Stable isotopes can be used for labelling fluxes as well as in some 
cases for localising and even imaging of ion distribution (Massiot et al. 
1994; Kuhn et al. 1995; Schroder et al. 1996; Gojon et al. 1996). Analysis 
of tracer velocities includes the isotopic dilution, which can be signifi- 
cant if the unlabelled species is present in large amounts in the relevant 
compartments. To reduce this problem, ^^N 03 -tracer studies for nutrient 
transport inside the whole plant often use nitrate-depleted plants (e.g. 
Brewitz et al. 1996) and relatively long (several hours') labelling periods 
(Cooper and Clarkson 1989; Delhon et al. 1995a; Brewitz et al. 1996). 
Since retranslocation towards the root system can be considerable dur- 
ing this period, split-root systems are used in which label is given to only 
one part of the root system (Cooper and Clarkson 1989; Delhon et al. 
1995a; Brewitz et al. 1996). Tracer in the non-labelled root system 
(receiver roots) can then be treated as retranslocation to the root system 
from the shoot. However, this approach is limited to those ions and 
substances that can be labelled isotopically, analysis is rather complex 
and relatively expensive, and splitting the root system can disturb the 
behaviour of the plant. 

Root pressure chamber and transpiration measurements of the shoot 
allow a quasicontinuous analysis of the transport in the xylem with a 
high temporal resolution (Schurr 1998; Schurr et al. 1998a). This method 
additionally allows several ion species and non-ionic substances (amino 
acids, organic acids, xenobiotica) to be monitored simultaneously at the 
same temporal resolution. Spatial resolution can be obtained by opening 
several sampling sites along the plant architecture. A combination of 
this approach with nutrient uptake experiments and tracer methods has 
a high potential for further understanding the dynamics of nutrient 
transport on a whole-plant level. 



6 Prospects 

Nutrient transport form the root to the shoot is a dynamic and complex 
process which is important for whole plant fluxes of nutrients and sig- 
nals. The methodological developments during recent years - especially 
the non-destructive techniques - provide the basis for temporal and also 
spatial resolution sufficient to study actual fluxes of nutrients and sig- 
nals and will lead to a better understanding of the reasons and conse- 
quences of the dynamic processes involved. The combination of the ex- 
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isting and newly developed techniques with molecular approaches has 
the potential to identify key points of control in plant nutrition with 
relevance for basic and applied research. 
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Photosynthesis. Carbon Metabolism: 

In and Beyond the Chloroplast 

By Grahame J. Kelly 

"It is far more probable that starch is only elaborated within the cell when the 
supply of nutriment is in excess of the cell requirements, and that most of the 
assimilated products never pass through the stage of starch at all. (Our ex- 
periments) .... point to the somewhat unexpected conclusion that, at any rate 
in the leaves of the Tropaeolum, cane sugar is the first sugar to be synthe- 
sised ..." (Brown and Morris 1893). 

1 Introduction 

Views concerning the central sugars of photosynthesis have varied. 
Starch was popular in the late 1800s after Sachs (1862) found that light 
promoted its synthesis in Chlorophyllkornern. The possibility that the 
flow of photosynthetically fixed carbon could bypass starch was not se- 
riously entertained until the turn of the century, (see above quotation), 
after which cane sugar (the disaccharide sucrose) gradually achieved the 
reputation of being the end product of photosynthesis in the green leaf 
cell; but simplistic views seldom hold true in the biological world. The 
anticipation (see Walker 1997) and characterization (Heldt and Rapley 
1970) of the chloroplast's phosphate translocator ultimately gave glycer- 
aldehyde (as glyceraldehyde-3-P) the distinction of being the product of 
photosynthesis within the chloroplast. Still, glyceraldehyde-3-P (GAP) 
never accumulates in quantity, whereas sucrose (which is synthesized 
from GAP in the cytosol) does. Additionally, sucrose is a principal form 
in which photosynthetic product is translocated to other parts of the 
plant. Therefore, the triose phosphates (GAP and its partner dihy- 
droxyacetone-P) and sucrose currently share the title of central sugars of 
photosynthesis; one in, and the other beyond, the chloroplast. Recent 
research on photosynthetic carbon metabolism reflects this distinction: 
more and more attention is being devoted to what happens beyond the 
chloroplast, while research on intrachloroplast events has been directed 
at the perennially popular enzyme Rubisco, and at the mechanism chlo- 
roplasts use to dissipate whatever portion of harvested light energy can- 
not be used to convert CO^, via GAP, to sucrose. These topics are re- 
viewed below, covering the literature that has appeared since our last 
chapter in Volume 58 of Progress in Botany. 
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2 From CO 2 to GAP 

a) Ribulose-Bisphosphate Carboxylase/Oxygenase (Rubisco) 

The Calvin cylcle’s CO^ fixing enzyme, Rubisco, has continued to receive 
dedicated attention. Its reputation for being the major determinant of 
photosynthetic rate in nonstressed sunlit plants in the field has been 
extended to plants (Furbank et al. 1996). It also contributes to the 
establishment of the lower photosynthetic rates of stressed plants: 
stresses such as low water availability (Kanechi et al. 1996), rain treat- 
ment (Ishibashi et al. 1996), oxidative stress (Desimone et al. 1996; 
Stieger and Feller 1997; Ishida et al. 1997), and ultraviolet radiation 
(Ferreira et al. 1996; Greenberg et al. 1996; Allen et al. 1997) all cause 
Rubisco to be physically damaged and/or reduced in amount. 

Research on the regulation of Rubisco has centered on the activity- 
enhancing protein Rubisco activase and the inhibitory sugar-P car- 
boxyarabinitol-l-P (CAIP). Rubisco activase is a relatively heat-sensitive 
protein (Crafts-Brandner et al. 1997; Eckardt and Portis 1997) that 
slowly (Woodrow et al. 1996) promotes dissociation of inhibitory sugar- 
Ps from Rubisco, permitting the latter to display its full activity. Exactly 
how it does this is obscure (Salvucci and Ogren 1996), although there are 
hints that it first forms an oligomer reminiscent of the better-known 
microfilament-protein actin (Lilley and Portis 1997). Another intriguing 
parallel has been noted by Komatsu et al. (1996), who discovered an 
amino acid sequence homology between the activase and a gibberellin- 
binding protein. Whatever its mechanism, it is clear from antisense-gene 
experiments that the activase is vital for photosynthesis, the only point 
of contention is whether or not it is present in leaves in great excess 
(Mate et al. 1996; Eckardt et al. 1997). 

Little progress, and some odd results, have appeared in relation to the 
CAIP inhibition of Rubisco. This sugar-P is presumably synthesized at 
night when it binds to any C 02 -plus-Mg^"^-activated Rubisco and stops it 
from working. However, this regulatory event occurs only in some plant 
species, e.g., French bean and tobacco, and perhaps in the green alga 
Dunaliella tertiolecta (MacIntyre et al. 1997), but not in others, e.g., 
spinach and wheat. In French bean leaves it is unclear whether it is re- 
stricted to chloroplasts (Moore et al. 1995) or whether some exists in 
unexpected locations such as leaf veins (Anwaruzzaman et al. 1996). 
Finally, its mode of synthesis remains unclear: it is quite possibly de- 
rived from fructose- 1 , 6 -P 2 via the seldom-met sugar hamamelose 
(Andralojc et al. 1996; Martindale et al. 1997), but it is annoying that a 
kinase needed to phosphorylate carboxyarabinitol to CAIP has not yet 
been detected. In addition, to complicate matters, recent research by the 
Rothamsted group has raised a suspicion that there exists another tight- 
binding inhibitor of Rubisco that, unlike CAIP, is present by day as well 
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as by night (Keys et al. 1995; Parry et al. 1997), but there is so far no clue 
concerning the identity of this inhibitor. 

The possibility that the oxygenase activity of Rubisco (and, conse- 
quently, photorespiration: Sect. 5) might be eliminated continues to be 
entertained. It has been argued that the oxygenase activity is inevitable 
in normal air, but the existence of certain aldolases that catalyze reac- 
tions involving similar chemistry but which nevertheless display no ten- 
dency to catalyze a similar oxygenase reaction bolster hopes that mo- 
lecular biologists may some day create an oxygenase-free Rubisco 
(Hixon et al. 1996; Wildner et al. 1996). Slight success in this direction 
has been reported by Rostov et al. (1997) for a cyanobacterial Rubisco, 
but no recent efforts have been reported for higher plant Rubiscos; they 
all possess very similar ratios of carboxylase to oxygenase activities that 
are about double those of the cyanobacterial Rubiscos (Balaguer et al. 
1996; Laisk and Loreto 1996; Uemura et al. 1996). 



b) Remainder of the Calvin Cycle 

Almost all attention to the remainder of the Calvin cycle has been fo- 
cused on the mechanistic details by which certain enzymes undergo 
light-mediated activation, and on the existence of multienzyme com- 
plexes. Light-mediated activation involves the reduction of disulfide 
bonds by reduced thioredoxin. The cysteine residues between which the 
disulfide bonds are formed and broken have been more precisely identi- 
fied in the higher plant and Chlamydomonas reinhardtii variants of 
glyceraldehyde-3-P (GAP) dehydrogenase, fructose- 1,6-bisphosphatase 
(FBPase), and sedoheptulose-l,7-bisphosphatase (SBPase) (Anderson et 
al. 1996a; Jacquot et al. 1997a; Li et al. 1997). One of the cysteine residues 
is missing from a cyanobacterial GAP dehydrogenase, and indeed this 
enzyme probably is not light- activated (Tamoi et al. 1996). Reduced 
thioredoxin has attracted more attention because this small protein oc- 
curs not only in the chloroplast in two forms that participate in light- 
mediated enzyme activation (Reche et al. 1997), but also in mitochon- 
dria in two forms, one of which may have an as yet undefined role in 
photosynthesis, and in seeds, where it reduces the disulfide bonds of 
storage proteins prior to their mobilization during germination (Konrad 
et al. 1996; Lozano et al. 1996; Jacquot et al. 1997b). It may even have a 
role in protecting stressed plants by substituting for the enzyme dehy- 
droascorbate reductase (Morell et al. 1997). Finally, it has attained im- 
portance in fatty acid biosynthesis in that it has been shown to partici- 
pate in the light-mediated activation of the chloroplast's acetyl-CoA car- 
boxylase (Sasaki et al. 1997). 
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Fig. 1. An adaption of the model of Wedel et al. (1997) for the association of two mole- 
cules of GAP dehydrogenase (dotted, four-subunit enzyme), two molecules of Ru5P 
kinase (cross-hatched, two-subunit enzyme), and two molecules of a small linking protein 
(thin, unshaded). It is proposed that the enzymes are reductively activated (by reduced 
thioredoxin) while associated as shown, but that photo synthetically generated NADPH 
induces dissociation of the enzymes from the dimeric linking protein; the free, reduced 
enzymes are the fully active forms that participate in photosynthesis 

Increased attention is being given to protein-protein interactions in 
the chloroplast. The simplest is aggregation of one enzyme, as evidenced 
by the recent demonstrations of the association of four molecules of 
either GAP dehydrogenase (Baalmann et al. 1995) or FBPase 
(Grotjohann 1997) into relatively inactive oligomers. Alternatively, Cal- 
vin cycle enzymes may associate with each other or with other proteins. 
Examples include an association between FBPase and thioredoxin that 
appears to regulate the FBPase activity in a nonreductive fashion 
(Haberiein and Vogeler 1995), the association of a major or minor por- 
tion of each of six Calvin cycle enzymes with thylakoid membranes 
(Anderson et al. 1996b), and associations of GAP dehydrogenase with 
glycerate-3-P kinase (Wang et al. 1996) and with ribulose-5-P (Ru5P) 
kinase (Avilan et al. 1997; Wedel et al. 1997). These protein-protein in- 
teractions may be expected in the chloroplast stroma, where the concen- 
tration of proteins is quite high, and they may benefit the Calvin cycle's 
operation by channeling intermediates from one enzyme to the next 
(Harris and Koniger 1997); evidence for such chanelling in the oxidative 
pentose phosphate pathway in root nodules and in yeast has recently 
been presented (Debnam et al. 1997). Of special interest is the interpre- 
tation of Wedel et al. (1997) that there exists in chloroplasts a small 
protein with the specific task of mediating the tantalizing (Lebreton et al. 
1997) GAP dehydrogenase/Ru5P kinase association and participating in 
the light-mediated activations of these enzymes (Fig. 1). Given that other 
Calvin cycle enzyme associations have been reported (see above, and our 
previous reviews), one wonders whether similar small proteins also ex- 
ist. This one must be important if, as concluded by Fridlyand et al. 
(1997), GAP dehydrogenase has a part in determining the rate of CO^- 
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saturated photosynthesis (cf. Rubisco is the major determinant with air 
levels of CO 2 ). 



c) The Pathway 

Photosynthetic carbon metabolism begins with the carboxylation of 
ribulose-ljS-P^ (RuBP) in C 3 plants, but in plants, and in plants with 
crassulacean acid metabolism (CAM), preceding metabolic events de- 
signed to concentrate and/or indirectly store the CO^ destined for RuBP 
carboxylation occur. The majority of these events occur beyond the 
chloroplast. 

In plants, the well-known pathway uses the enzyme phospho- 
enolpyruvate (PEP) carboxylase in mesophyll cells to collect CO 2 (as 
HCO 3 ) and form oxaloacetate which, after being reduced to malate, is 
either directly or in a roundabout metabolic way transported to bundle- 
sheath cells and decarboxylated, thereby feeding CO^ to the Calvin cycle, 
which is restricted to these cells (but see Castrillo et al. 1997). This CO^ 
pump greatly suppresses photorespiration and increases water use effi- 
ciency. Its evolution was encouraged about 7 million years ago by a drop 
in the level of atmospheric CO^; consequently, terrestrial C^ plants have 
existed only during the last 2 % of the period when vascular plants have 
been present on land (Cerling et al. 1997). However, a submersed mono- 
cot (Hydrilla verticillata) that displays C^-type photosynthesis has been 
identified as a possible ancestor of terrestrial C^ plants, and may have 
existed up to 100 million years ago (Magnin et al. 1997). 

Several reports have emphasized the importance and properties of component enzymes 
of the pathway. The most studied is PEP carboxylase, partly because of its fascinating 
regulation via a phosphorylation (that activates it) catalyzed by another enzyme appro- 
priately named PEP-carboxylase kinase (reviewed by Vidal and Chollet 1997). The 
mRNA for this kinase increases when plants are illuminated (Hartwell et al. 1996) via an 
as yet only partly elucidated signaling system that involves Cdi* and glycerate-3-P 
(Giglioli-Guivarc'h et al. 1996). A similar, but not identical, system potentially operates in 
the cells of Cj-plant leaves (Li et al. 1996; Smith et al. 1996; but see Leport et al. 1996), and 
in other organs including germinating wheat seeds (Osuna et al. 1996), banana fruit (Law 
and Plaxton 1997), and soybean root nodules, in which photosynthate supply, rather 
than light, triggers the signaling system (Zhang and Chollet 1997a). Finally, Du et al. 
(1997) have added stomatal guard cells to the list of cells in which PEP carboxylase has a 
central role and is regulated by phosphorylation. In all of these cases, phosphorylation of 
the carboxylase seems to activate it primarily by reducing its susceptibility to inhibition 
by malate, although altered sensitivities to other regulatory metabolites could be impor- 
tant (Gao and Woo 1996); these would include the recently reported inhibitors phos- 
phate and sulfate (Salahas et al. 1997) and, interestingly, shikimic acid, which is synthe- 
sized from PEP via a metabolic pathway that does not involve PEP carboxylation 
(Colombo et al. 1996). 
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PEP carboxylation produces oxaloacetate which is reduced to malate by 
a malate dehydrogenase shown to be essential for normal photosyn- 
thesis (Trevanion et al. 1997), and which undergoes light-mediated acti- 
vation via reduction of two disulfide bonds per subunit (Issakidis et al. 
1996). The malate is then processed by one of three possible metabolic 
routes (that designate the three subtypes of plants), each of which 
may vary subtly between plant species (Meister et al. 1996) and have 
special requirements such as an active 2 -oxoglutarate/malate transloca- 
tor (Taniguchi and Sugiyama 1997) or reduced capacity for respiration 
in bundle-sheath mitochondria (Agostino et al. 1996). Ultimately, CO^ is 
released to the Calvins cycle's Rubisco, and the remaining 3-carbon py- 
ruvate is returned to the mesophyll cells, where it is reconverted to PEP 
in the chloroplast by the remarkable enzyme pyruvate, Pj dikinase 
(PPDK). Molecular biologists managed to introduce this enzyme, and 
a functionally similar bacterial enzyme, into C 3 plants, but nothing 
spectacular happened (Ishimaru et al. 1997; Panstruga et al. 1997). PPDK 
produces, in addition to PEP, a good amount of AMP, which is returned 
to the ADP/ATP pool by adenylate kinase, an enzyme that is abundant in 
mesophyll chloroplasts where it seems to assemble into an inactive stor- 
age form overnight (Wild et al. 1997). 

Further reports confirm that when the pathway concentrates CO^ 
into bundle-sheath cells, photorespiration (Sect. 5) is largely, although 
not totally, inhibited, and although back diffusion of CO^ is greater than 
earlier believed, the mesophyll cell's PEP carboxylase recaptures it so 
that the overall pathway remains effective (Dai et al. 1996; He and Ed- 
wards 1996; Saliendra et al. 1996; Lacuesta et al. 1997). However, without 
the pathway, plants can photorespire (Devi et al. 1996, Lacuesta et 
al. 1997). 

Most plants are stressed by cool temperatures and, like all plants, 
by severe water stress. Sensitivity to cool temperatures appears to be due 
to the impairment of critical enzymes such as PEP carboxylase and 
PPDK, but a few species possess cold-resistant forms of these enzymes 
(Usami et al. 1995; Simon 1996; Matsuba et al. 1997) so that in cool cli- 
mates plants, while rare, can be found (Beale et al. 1996). In the case 
of the enzyme PPDK, it was found that substitution of only 0.3% of the 
amino acid residues could confer cold tolerance (Ohta et al. 1996). PPDK 
is also implicated in water-stressed plants whose photosynthesis is 
decreased not only by a reduced supply of CO 2 to Rubisco (Lai and Ed- 
wards 1996), but also by a dramatic, over nine-fold drop in the PPDK 
activity (Du et al. 1996). 

Characteristics of photosynthesis have again been reported in two 
aquatic plants, the leafless sedge Eleocharis vivipara (Ueno 1996) and the 
monocot Hydrilla verticillata (Spencer et al. 1996; Magnin et al. 1997), 
and in the ears of C 3 cereals and green tomato fruits that refix respira- 
tory CO 2 (Bort et al. 1996; Xu et al. 1997). Of particular note is the pre- 
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dominant role being attributed to PPDK in the lemmas, paleae, and im- 
mature seeds of rice (Sadimantara et al. 1996; Imaizumi et al. 1997). 



d) Crassulacean Acid Metabolism (CAM) 

Like plants, CAM plants employ considerable metabolism beyond the 
chloroplast prior to RuBP carboxylation. Events within the cytosol and 
vacuole, and on the vacuolar membrane (tonoplast) are especially nota- 
ble. In summary, PEP carboxylation in the cytosol at night produces 
malate that is delivered to and stored in the vacuole, from where it is 
dispensed back to the cytosol next day and decarboxylated, thereby 
providing CO 2 for Rubisco behind closed stomates. Stomate closure by 
day can help to protect CAM plants during drought (Giierere et al. 1996), 
but not if conditions become too extreme (Castillo 1996; Roberts et al. 
1996), and indeed the expected superior water use efficiency of CAM 
plants (Helliker and Martin 1997) has recently been thrown into doubt 
(Eller and Ferrari 1997). It is also worth noting that CAM is not re- 
stricted to dry, sunny habitats: it is common among rainforest epiphytes 
(Zotz and Ziegler 1997), while some uncommon examples include spe- 
cies from the shaded rainforest understory, including Aechmea mag- 
dalenae (Skillman and Winter 1997; Zotz and Ziegler 1997). Two ex- 
treme examples are the tiny Blossfeldia liliputana, a unique poikilohy- 
dric cactus (Barthlott and Porembski 1996), and the brown marine 
macroalga Ectocarpus siliculosus, where a CAM-like mechanism helps to 
overcome the limiting CO^ availability in seawater (Schmid and Dring 
1996). 

The mechanism of CAM in conventional CAM plants has been further 
investigated. The upside-down behavior of CAM-plant stomates (open at 
night and closed by day) has been correlated with a loss of the sensitivity 
of stomatal guard cells to blue light (Tallman et al. 1997) which is de- 
tected by the guard-cell chloroplasts of other plants (Quinones et al. 
1996). CO 2 that enters stomates at night is captured by a PEP carboxylase 
that is activated via a phosphorylation; in this case a circadian oscillator, 
rather than light (as in C 3 and C^ plants), initiates the signaling system 
that culminates in enzyme phosphorylation (Hartwell et al. 1996). By day 
the PEP carboxylase is deactivated, more so in those species that display 
CAM more strongly (Borland and Griffiths 1997). Nocturnal PEP car- 
boxylation leads to the production of the large quantity of malic acid 
that accumulates in the vacuole (Fig. 2); an accumulation of citric acid is 
also detected in some species, but does not seem to be a central compo- 
nent of CAM (Herppich et al. 1995; Borland et al. 1996). Malate is moved 
into the vacuole by a recently characterized tonoplast transporter 
(Steiger et al. 1997; Fig. 2); accumulation is powered by a tonoplast H^- 
ATPase (Zhigang et al. 1996) that is possibly regulated by a H^- 
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Fig. 2. The role of the tonoplast during CAM. By night, active transport of malate anions 
into the vacuole is driven by an ATPase that delivers into the same vacuole. Thus it is 
the acid form (malic acid) that accumulates. Next day, this malic acid diffuses passively 
(via a channel protein?) into the cytosol, where it first dissociates (returning the 
which is presumably accomodated by the buffering capacity of cytosolic metabolism), 
and then undergoes the decarboxylation that supplies CO^ for the Calvin cycle and pyru- 
vate for synthesis of the carbohydrate reserve needed to generate the next night's supply 
of PEP. (After Liittge et al. 1995) 



pyrophosphatase found on the same membrane (Liittge et al. 1995). Next 
day, malic acid moves passively across the tonoplast and into the cytosol 
(Fig. 2). This process is notably sensitive to high or low temperature, 
indicating that the biophysical state of the membrane is important for its 
normal operation (Liittge et al. 1995; Grams et al. 1996; Grams et al. 
1997). Once in the cytosol, the malate is decarboxylated by one of three 
possible enzymes; one of these (PEP carboxykinase) is similar to PEP 
carboxylase in that its activity is potentially regulated by phosphoryla- 
tion (Walker and Leegood 1996). The remaining 3C-pieces are converted 
gluconeogenically to stores of chloroplast starch or extrachloroplast 
sugars (Borland 1996; Christopher and Holtum 1996) from which PEP is 
derived the following night. It was thought that the storage form (starch 
or sugars) accumulated by a particular CAM species correlated with its 
particular decarboxylation enzyme, but it is now clear that this rule is 
invalid (Christopher and Holtum 1996). 
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3 The Multifaceted Fate of GAP 
a) Transitory Starch in Chloroplasts 

The conclusion of Brown and Morris (1893) that ”... starch is only elabo- 
rated in the cell when the supply of nutriment is in excess ...” (see intro- 
ductory quotation) has been confirmed for peach, a species that synthe- 
sizes sorbitol rather than cane sugar (sucrose) as the predominant trans- 
located carbohydrate (Escobar-Gutierrez and Gaudillere 1997), and for 
spinach and soybean deprived of nitrogen (Robinson 1997). However, 
no new details concerning the biochemistry of the synthesis of this chlo- 
roplast starch by day and its mobilization by night have been reported, 
except for further complications concerning the role of phosphorylase in 
the mobilization process: plant leaves contain even more nonchloro- 

plastic forms of this enzyme than do C 3 plant leaves (Shatters and West 
1996; Venkaiah and Kumar 1996), and Duwenig et al. (1997a) have indi- 
cations that the (chloro)plastidic form might be more important for 
starch synthesis in fruits and seeds than for starch degradation in leaves. 
Thus, it seems to be even more certain that the nocturnal mobilization of 
starch in chloroplasts is hydrolytic (not phosphorylytic), producing 
maltose and glucose that are exported to the cytosol (Rost et al. 1996). 



b) Three Notes About Chloroplast Lipids 

The major role of the chloroplast in mature leaves is to act as a factory that manufactures 
soluble sugars (sucrose, or a sugar alcohol such as sorbitol, or one of the small raffinose 
type of oligosaccharides; Moore et al. 1997) for export to metabolic or storage sinks; but 
in immature leaves the chloroplast implements several other biosynthetic capabilities 
whereby the molecular building blocks of the proteins and membranes needed by a 
growing leaf are generated from Calvin cycle precursors (Fig. 3; Herbers and Sonnewald 
1996). Three interesting pieces of information concerning lipid synthesis in chloroplasts 
have appeared: 

1. The initial enzyme of fatty acid synthesis, acetyl-CoA carboxylase, is similar to sev- 
eral Calvin cycle enzymes in that it undergoes a reductive light-mediated activation 
(Sasaki et al. 1997). 

2. The enzymes that synthesize long-chain fatty acids from acetyl- Co A are organized 
into a multienzyme complex adjacent to the thylakoid, thereby permitting substrate 
channeling and the consequent increase in rate of fatty acid synthesis for a given 
chloroplast content of each substrate (Roughan and Ohlrogge 1996; Roughan 1997). 

3. Isopentenyl-P^, the precursor of chloroplast isoprenoids such as the carotenoids and 
the phytol tail of chlorophyll, is not synthesized through the classical pathway (from 
acetate, and via mevalonate), but rather through a different pathway in which one 
molecule each of GAP and pyruvate are its precursors; in the 5-carbon sugar de- 
oxyxylulose is an intermediate in this pathway (Schwender et al. 1996; Arigoni et al. 
1997; Lichtenthaler et al. 1997; Fig. 3). 
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Fig. 3. Five products of photosynthesis (boxed items) in developing leaves. Based on 
research covered in our earlier reviews, and on Herbers and Sonnewald (1996), Fischer et 
al. (1997), and Lichtenthaler et al. (1997). 3PGA Glycerate-3-P 



c) Export from the Chloroplast 

The now-classical phosphate translocator that exports net photosyn- 
thetic product, as GAP, from the chloroplast (in exchange for an incom- 
ing R; Fig. 3) is clearly not alone. It is now more certain that a separate, 
distinct envelope protein that favors the transport of glucose-6-P is pres- 
ent: such a transporter was identified on Capsicum annuum fruit chro- 
moplasts (Quick and Neuhaus 1996) and on the chloroplasts of a CAM 
plant (Neuhaus and Schulte 1996; Kore-eda and Kanai 1997), where, 
presumably, it could participate in the nocturnal conversion of chloro- 
plast starch to cytosolic PEP. In addition, a third phosphate translocator 
that exchanges PEP and P. has been confirmed for chloroplasts and other 
types of plastids; it could be important for the synthesis of aromatic 
amino acids (Fischer et al. 1997; Fig. 3), and is almost certainly central to 
the C^ pathway (Aoki and Kanai 1995). Finally, the presence of an 
ATP/ADP translocator has been more firmly established (Neuhaus et al. 
1997), and the probability that there is a transporter for maltose has 
been raised (Rost et al. 1996). More surprises may be imminent, given 
the results of studies with other types of plastids (see below. Sect. 4.b). 





264 



Cell Biology and Physiology 



d) Cytosolic Sucrose Synthesis and its Regulation 

When GAP arrives in the cytosol of leaf cells, it is converted to soluble 
sugars ready for export from the leaf. Synthesis of the sugar sucrose has 
been by far the most intensively studied. Two regulatory enzymes have 
received recent attention: cytosolic FBPase that forms fructose-6-P from 
the FBP generated from two GAPs, and sucrose-P synthase (SPS) that 
forms sucrose-P from two fructose-6-Ps (one of which is first converted 
to UDP-glucose). The FBPase is potentially regulated by a reductive 
process (Anderson et al. 1997) similar to that of its chloroplast counter- 
part (Sect. 2.b), but the value of this is not yet established. Its activity is 
also controlled through inhibition by the regulatory sugar-P fructose- 
2,6-P2 (Kruger and Scott 1995), especially during water stress (Reddy 
1996). Plants containing low amounts of the FBPase clearly made less 
sucrose (Micallef and Sharkey 1996; Zrenner et al. 1996), but in one case 
(genetically engineered potato), plant growth was unaffected because 
photosynthate partitioning was appropriately adjusted, i.e., chloroplasts 
made more starch and then, by exporting hexose or hexose-P at night, 
the cytosolic FBPase was not required (Zrenner et al. 1996). 

The well-established principal regulatory mechanism for SPS, viz. activation by dephos- 
phorylation and inactivation by phosphorylation, catalyzed by a SPS phosphatase and a 
SPS kinase (respectively), has been reviewed (Huber and Huber 1996). The activity of the 
SPS phosphatase is, in turn, modulated by a circadian-rhythm-based signaling system 
(Jones and Ort 1997). An additional level of complexity was reported by Toroser and 
Huber (1997), who found that osmotic stress somehow activates a second form of SPS 
kinase that attaches a second phosphate group to the already phosphorylated (and 
therefore inactive) SPS. This, like total dephosphorylation, revives the enzyme's activity, 
in this case perhaps to promote the formation of sucrose for osmoregulatory purposes. 
There is also one report that SPS itself might occur in more than one form in leaves 
(Reimholz et al. 1997), and another that it forms a complex with the following (and final) 
enzyme of sucrose synthesis, viz. sucrose-P phosphatase (Echeverria et al. 1997). Interest 
in SPS will continue because there is evidence that it is a principal determinant of plant 
production: tomato plants genetically engineered to contain extra SPS photosynthesized 
faster (Galtier et al. 1995), although they tended to produce sweeter fruit rather than 
more fruit (Laporte et al. 1997). 

A new topic, introduced in our last review, is the mechanism by which 
soluble sugars (that accumulate in actively photosynthesizing cells when 
the ability of the rest of the plant to use them is exceeded) somehow 
initiate a feedback inhibition of photosynthesis. Recent clear examples 
of the effect were wheat and sugar beet leaves in which the mRNA tran- 
scripts for Rubisco, FBPase, SBPase, and glycerate-3-P kinase were re- 
duced when the leaves were fed 1-2% sucrose or glucose (Jones et al. 
1996; Lee and Dale 1997). The current hypothesis is that the genes for 
these Calvin cycle enzymes are downregulated by a molecular signaling 
system that begins with the traditional glycolytic enzyme hexokinase 
and its substrates glucose and/or fructose, comparable mechanisms are 
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known from animal and yeast cells (Jang and Sheen 1997; Smeekens and 
Rook 1997). Using transgenic Arabidopsis plants, Jang et al. (1997) have 
further strong evidence that hexokinase is the sugar sensor that links 
sugar-related metabolic activities to photosynthesis rates in plants, but 
other research implies that there is some explaining to be done: 

1. Strand et al. (1997) found that the correlation between accumulation 
of sugars and downregulation of genes in Arabidopsis broke down 
when leaves developed at a low temperature (5 °C). Under this tem- 
perature the well-known accumulation of sugars as a component of 
cold tolerance took place, and was supported by an unrestricted 
photosynthesis. Similarly, spinach leaves (Martindale and Leegood 
1997) and wheat and rye (Gray et al. 1996) acclimated to low tem- 
peratures developed increased capacities for photosynthesis, in the 
latter case this was deemed necessary to compensate for the slower 
metabolism at lower temperatures and therefore the greater difficulty 
in using harvested light energy at these temperatures (Huner et al. 
1996). It seems that the success of this adaptation mechanism may 
not be total (Savitch et al. 1997). 

2. Sugar beet, tobacco, and Flaveria bidentis supplied with sucrose in 
culture systems showed no evidence for photosynthetic repression 
(Kovtun and Daie 1995; Furbank et al. 1997). 

3. More than 90% of photosynthetically generated hexoses (glucose and 
fructose) was compartmented into the vacuole of tobacco, snap- 
dragon, and parsley leaves (Moore et al. 1997), whereas the hexo- 
kinase-based sugar-sensing mechanism would be expected to be in 
the cytosol. Possibly the concentration of hexoses in the cytosol in- 
creases at the end of the day (Moore et al. 1997) after invertase hydro- 
lyzes the vacuolar store of sucrose (Scholes et al. 1996) and the resul- 
tant hexoses are moved across the tonoplast. The accumulation of 
hexoses in the cytosol appears to be possible: Schaffer and Petreikov 
(1997) measured 30 mM fructose in the cytosol of young tomato-fruit 
cells. 

A new angle to the hexokinase story might develop if plant scientists 
follow up the report that rabbit erythrocyte hexokinase is inactivated by 
dehydroascorbate (Fiorani et al. 1996). Ascorbate and its oxidation 
products (e.g., monodehydroascorbate) have central roles in the re- 
sponses of plants to stress. 
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4 Distant Fates of Photosynthetic Product 

a) Translocation 

The majority of photo synthate produced by mature leaves is exported as soluble sugars 
to metabolic or storage sink tissues via the phloem. A concept for the loading of sucrose 
into the phloem, driven by a H^-ATPase and a HVsucrose symporter (see Fig. 2 in our 
last review), has received more experimental support (Stadler et al. 1995; Kiihn et al. 
1996, 1997), although it seems there is some flexibility as to whether the HVsucrose sym- 
porter is on the sieve-tube membrane (e.g., tobacco, potato, and tomato) or on the mem- 
brane of its associated companion cell (e.g., Plantago major). The presence of the sym- 
porter implies that sucrose is loaded from an apoplastic source; however, its arrival at 
this source, at least in monocots, seems to require good symplastic (i.e., plasmodesmatal) 
connections between preceeding parenchyma cells (Evert et al. 1996; Russin et al. 1996). 



b) Storage 

The ultimate fates of translocated sugars include metabolism to form the 
proteins, membranes, and cell walls of metabolic sinks (such as growing 
shoots and roots); conversion to storage materials such as protein, 
starch, fructans, and oils in fruits, seeds, and modified organs; direct 
storage as soluble sugars; and respiration to power these processes. The 
synthesis of storage starch and (briefly) storage sucrose and oils is re- 
viewed below. 

Starch, like photosynthesis, is located in plastids; storage starch is lo- 
cated in amyloplasts (cf. transitory starch in chloroplasts. Sect. 3. a). Its 
biosynthesis begins with translocated sucrose, which is cleaved by one or 




Fig. 4. Proposed pathway for the conversion of sucrose to starch in starch-storing tissues. 
The sum of the reactions is: sucrose + (glucose)^^ fructose + (glucose)^^,. Enzymes: a 
ADP-glucose pyrophosphorylase; b UDP-glucose pyrophosphorylase; c sucrose synthase; 
d nucleoside-Pj kinase. (After Kleczkowski 1996) 
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Other of the isozymes (Guerin and Carbonero 1997) of the rather inap- 
propriately named sucrose synthase (Fig. 4). This enzyme, which is 
thought to be a reliable marker for sink tissues (Dejardin et al. 1997), is 
yet another example of an enzyme whose activity is regulated by a phos- 
phorylation/dephosphorylation mechanism; in this case, phosphoryla- 
tion increases activity (Huber et al. 1996; Zhang and Chollet 1997b). The 
UDP-glucose generated by sucrose synthase has, according to recent 
reports, one surprise fate: conversion in the cytosol to ADP-glucose. This 
is a surprise because the enzyme required to do this, ADP-glucose pyro- 
phosphorylase, has been traditionally thought of as the principal regula- 
tory enzyme of starch synthesis within plastids, but now Denyer et al. 
(1996) and Thorbjornsen et al. (1996) report that the majority of the 
ADP-glucose pyrophosphorylase in the cells of maize and barley en- 
dosperm is in the cytosol rather than in the amyloplast, and Rudi et al. 
(1997) report that this cytosolic enzyme is not allosterically regulated by 
glycerate-3-P and Pi like its chloroplast counterpart. 

The second group of authors have been quick to point out (Thorb- 
jornsen et al. 1996) that there still seems to be enough of this enzyme in 
barley amyloplasts to accommodate starch synthesis, possibly from im- 
ported glucose-6-P (Hill and Smith 1995; Ernes and Neuhaus 1997; 
Mohlmann et al. 1997), and indeed another study with transgenic potato 
indicated that there is plenty of the enzyme in starch-storing tissues 
(Sweetlove et al. 1996). However, indications that isolated amyloplasts 
can synthesize starch from exogenously supplied ADP-glucose and that 
they possess a translocator that recognizes this nucleotide sugar (Ernes 
and Neuhaus 1997; Mohlmann et al. 1997; Naeem et al. 1997) support the 
possibility that at least some amyloplast starch is generated from the 
ADP-glucose synthesized in the cytosol (Kleczkowski 1996; Fig. 4). The 
fructose shown in Fig. 4 need not be wasted. It could be phosphorylated 
by hexokinase and then isomerized to glucose-6-P, which could be im- 
ported into the amyloplast for starch synthesis. Perhaps this could occur 
in one step by using the enzyme phosphorylase, which is thought by 
Duwenig et al. (1997a) to have a role in starch formation. The P. released 
by this enzyme would need to be exported to properly balance all reac- 
tions, thus the design of the amyloplastic glucose-6-P translocator such 
that it preferentially exports Pj to the cytosol (when P. is counterex- 
changed with glucose-6-P) (Neuhaus and Maafi 1996) makes it emi- 
nently suitable for this role. 

The mobilization of stored starch has received little attention. Amy- 
lases (Rost et al. 1996) rather than phosphorylases probably catalyze the 
initial reactions. As noted above, plastid phosphorylase is believed to be 
more important for starch synthesis, while a role for the cytosolic en- 
zyme is still unclear. Remarkably, when the activity of this cytosolic en- 
zyme in the potato plant was reduced by antisense technology, the plants 
appeared normal but gave double the yield of tubers (Duwenig et al. 
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1997b). Incidentally, another remarkable aspect of phosphorylase is its 
potential longevity: active enzyme has been extracted from Nelumbo 
nucifera (lotus) seeds estimated to be more than 500 years old (Minami- 
kawa et al. 1995). 

Besides starch, sink tissues may also store sucrose or oils. Sucrose 
storage does not seem to involve the straightforward uptake and accu- 
mulation of translocated sucrose. Rather, the sucrose is first hydrolyzed 
by an apoplastic invertase and, in sugar-cane stem, resynthesis of su- 
crose by sucrose-P synthase occurs (Zhu et al. 1997). In tomato fruit, 
glucose released by the invertase appears to be pumped into cells by a 
cell membrane transporter powered by a H^-ATPase (Brown et al. 1997). 
Tissues that store oil do so in modified plastids. In castor-bean en- 
dosperm, these plastids were found to possess a unique translocator that 
imports malate (the substrate for fatty acid synthesis) in exchange for an 
exported Pi (released when ATP is hydrolyzed to drive the acetyl-CoA 
carboxylase reaction) (Eastmond et al. 1997). 



5 Photorespiration 

Photorespiration (Leegood et al. 1995) consists of a cycle of reactions 
initiated by the oxygenase activity of Rubisco and interwoven with the 
Calvin cycle in such a way that, as clarified in our last review, it achieves 
nothing other than the consumption of photosynthetically generated 
ATP and NADPH when the CO^ concentration drops to its compensation 
point, as might occur after leaf stomates shut on water-stressed plants. 
Theoretically, it could also occur if the oxygen evolved during intensive 
photosynthesis became trapped in the leaf (Tolbert et al. 1995), but Li- 
geza et al. (1997) believe that the normal leaf is too well ventilated for 
this to happen. 

The fact that photorespiration consumes ATP and NADPH implies 
that it could be another approach whereby excess harvested light energy 
could be dissipated. This concept, which has had its ups and downs over 
the past years, is again on an ”up" (Osmond et al. 1997). Firstly, experi- 
ments with the leaves of wheat, Chenopodium bonus-henricus, and pea 
all strongly supported it (Biehler and Fock 1996; Heber et al. 1996b; Park 
et al. 1996), and partial support came from another study with French 
bean leaves (Daniel 1997). Secondly, when the photo respiration of to- 
bacco leaves was retarded by first identifying the rate-limiting enzyme 
(it turned out to be the chloroplast's glutamine synthetase) and then 
using antisense technology to reduce the amount of this enzyme in the 
leaf, the leaves’ susceptibility to high-light- induced photoinhibition was 
notably increased (Kozaki and Takeba 1996). 
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Apart from an interesting report that glycolate may be oxidized in chloroplasts by a 
glycolate-quinone oxidoreductase system (Goyal and Tolbert 1996) rather than is "usual" 
(i.e., in peroxisomes by glycolate dehydrogenase), most recent enzyme studies have 
centered on the mitochondrial glycine decarboxylase complex that converts two mole- 
cules of glycine to serine, CO^ and NH/; also, an NAD^ is reduced. The reassimilation of 
this NH/, and another subsequently released from the serine, is the role of the rate- 
limiting glutamine synthase mentioned above. However, the glycine decarboxylase itself 
appears to be only a little less important with respect to rate limitation (Wingler et al. 
1997), especially in the palisade layer of mesophyll cells, which has less of the enzyme 
compared to the spongy cells (Guinel and Ireland 1996). In the mitochondrion, the en- 
zyme is intimately associated with the pyruvate dehydrogenase complex (Bourguignon et 
al. 1996) that produces acetyl-CoA for the Krebs cycle, and much of the NADH it pro- 
duces may be oxidized through the alternative cyanide- resistant electron transport sys- 
tem (Igamberdiev et al. 1997). Finally, there is good evidence that plants obtain most of 
their serine by courtesy of this enzyme, rather than others that can synthesize serine 
from glycine and formate (Prabhu et al. 1996). 



6 Conclusions and Prospects 

The literature on photosynthetic carbon metabolism from the past 2 
years has contained a few exciting items, although (in our opinion) not 
as many as in some previous 2 -year periods. Nevertheless, there are sev- 
eral indications that the future will not be dull. Firstly, there are new 
views of chloroplasts. Evolutionary relics of these organelles have been 
discovered in protozoan parasites of humans, such as Toxoplasma 
gondii (McFadden et al. 1996). In plants such as Chenopodium album 
there is a vertical gradient of chloroplast abundance, with the greatest 
number of chloroplasts per mesophyll cell in the uppermost fully ex- 
panded leaves (Yamasaki et al. 1996); and, most amazingly, within the 
cell the chloroplasts can no longer be considered as discrete, relatively 
independent organelles. Molecular biologists have used their fascinating 
new tool (green fluorescent protein) to rediscover a structural feature 
first reported in the 1960s, viz. chloroplasts are sometimes intercon- 
nected by thin tubules through which not only small molecules, but even 
proteins, may pass from the stroma of one chloroplast to the stroma of 
another (Kohler et al. 1997). 

Secondly, the aim of linking photosynthesis research to increased 
plant productivity (an aim that has been entertained for many decades) 
has been addressed from both traditional and unexpected quarters. One 
of the latter was an experiment showing that the productivity of wheat 
plants was reduced by 25% when they were grown in space (on board the 
space shuttle Discovery; Tripathy et al. 1996). Meanwhile, back on Earth, 
two groups have attained productively increases of ca. 22% by using 
advanced plant biotechnology and plant breeding and selection proce- 
dures, but the increases appeared to be due to factors such as the im- 
proved acquisition and maintenance of photosynthetic leaves rather 
than to improvements in photosynthetic carbon metabolism (Black et al. 
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1995; Lawlor 1995; Medrano et al. 1995). Finally, the ancient discipline of 
philosophy has been applied to photosynthesis research by raising the 
more fundamental question of just what good increased plant produc- 
tivity would do. While possible benefits in the sectors of socioeconomics 
and sustainable agriculture (Lawlor 1995) are undeniable, Walker (1995) 
has emphasized that these benefits could do little more than buy a little 
time, while more robust solutions to the central facets of the human 
predicament (including the increasing population of Homo sapiens) are 
sought. Meanwhile, he implies (Walker 1995) that the simple objective of 
satisfying scientific curiosity is as legitimate a reason for researching 
photosynthesis as entertainment is a reason for funding sporting events 
and operatic performances. We hope that the imagination of photosyn- 
thesis researchers will in the future be allowed, at least sometimes, to 
wander unhindered, so that a cornucopia of exciting items on photosyn- 
thetic carbon metabolism will appear in our next reviews. 
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The Costs and Benefits of Oxygen 
for Photosynthesizing Plant Cells 

By Margarete Baier and Karl-Josef Dietz 



1 Introduction 

Redox reactions of aerobic metabolism are directly or indirectly linked 
to atmospheric oxygen, a reactant which is essentially present in unlim- 
ited amounts nowadays. The accumulation of was the consequence of 
the successful colonization by photoautotrophic organisms of the terres- 
trial and aqueous habitats during evolution. Concomitantly with the 
development of oxygenic photosynthesis, oxygen became available as 
oxidizing reactant in chemical reactions, for instance as terminal elec- 
tron acceptor of the respiratory electron transport chain, of xanthin oxi- 
dase, of lipoxigenase and in photorespiratory oxygenation of ribulose- 
1,5-bisphosphate. Although still subject to some controversial discus- 
sion, photorespiratory energy consumption in the chloroplasts and 
amino acid synthesis in the peroxisomes and mitochondria may consti- 
tute beneficial or even essential metabolic pathways of plants under 
certain growth conditions. 

The benefits of the increased oxygen concentration are not without 
expenses for the organisms. Molecular oxygen has a redox potential of 
+ 1.299 V (O 2 + 4 + 4 e" ^ 2 H^O) and therefore can oxidize most 

constituents of living cells, at least at elevated temperatures. A fre- 
quently experienced example of the destructive power of oxygen is the 
smell and taste of butter turning rancid during storage in air at room 
temperature. The oxidizing activity of is produced by the subsequent 
uptake of up to 4 electrons leading to the superoxide anion hy- 

drogen peroxide (H 2 O 2 ), the hydroxyl radical (OH®) and finally to water 
(H^O) (Fig. 1). The incompletely reduced forms of oxygen are termed 
reactive oxygen species (ROS). As compared to O^, ROS reveal increased 
reactivity. Even under the moderate conditions facilitating life, they 
oxidize a large variety of biomolecules. ROS inactivate enzymes, oxidize 
membrane lipids and cause nicking of nucleic acids with the danger of 
mutations. At high concentrations, ROS initiate degradation of proteins, 
alter membrane permeability and induce programmed or acute cell 
death. The detrimental effects of ROS are so striking that reagents which 
promote the generation of superoxide, e.g. paraquat (Szogyi et al. 1989), 
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are used as herbicides. ROS formation is an unavoidable consequence of 
aerobic life. It is difficult to assess the rates of ROS formation in cells. 
However, it appears that elaborate detoxification mechanisms enable the 
plants to cope with the normal rate of ROS production. Only under ex- 
tremely unfavourable conditions does excessive liberation of ROS inhibit 
growth (Gomez et al. 1995; Roxas et al. 1997). Hence, the health state of 
plants in terms of redox homeostasis is determined by the relative rates 
of ROS production, ROS inactivation and repair of oxidative damage. 

From a simple metabolic point of view, plants seem to be more ex- 
posed to oxidative stress than animals, bacteria and fungi. They not only 
consume oxygen but also produce oxygen in photosynthetic tissues 
upon illumination. Although O^ easily permeates biomembranes, the O^ 
concentration may be elevated above ambient at the site of the chloro- 
plast water- splitting complex. For comparison, the highest rates of light- 
and CO^-saturated photosynthetic CO^ fixation are in the order of 
500 pmol mg chlorophyll'^ h'\ CO^ saturation of photosynthesis is ac- 
complished at 0.15% CO 2 in air. Under this condition, the internal CO^ 
concentration is close to 0.05%. Even if the oxygen concentration gradi- 
ent is steeper than that for CO 2 , there is no good reason to assume that 
the oxygen concentration in the chloroplasts considerably exceeds am- 
bient because the CO^ concentration is already quite high in the exterior. 
Therefore, the slight increase in local oxygen concentration is unlikely to 
have a major impact on the oxidation state of the leaves. 

In addition to oxygen evolution, photosynthesis rapidly produces 
ROS in the electron transport system (Asada 1994). Photosynthesis- 
dependent oxygen reduction indeed poses a severe oxidative risk to 
photosynthesizing cells. In addition, ROS formation is facilitated by 
photosensitizing pigments like chlorophylls and carotenoids, which 
transfer energy to O^ following excitational activation. Several enzymic 
and non- enzymic mechanisms are involved in the antioxidative defense. 
Beside the destructive potential of ROS in plant metabolism and the 
requirement for defense strategies, mechanisms have evolved to sense 
the redox state and the level of ROS. The nature of the sensor and the 
signal transduction pathway are unknown. This chapter focuses on ROS 
metabolism of photosynthesizing cells, including the reactions of ROS 
formation and ROS scavenging. Emphasis is also placed on the recently 
emerged regulatory potential of the redox state to trigger metabolic and 
genetic changes in plants. 




284 



Cell Biology and Physiology 



2 Light-Dependent Generation of ROS and Their Reactivity 

a) Spin- Pairing as a Physical Activation Mechanism of 

The energy diagram depicted in Fig. 1 illustrates that the activation of O 2 
is an endergonic process. Dioxygen is stable under environmental con- 
ditions, a property which was a prerequisite for atmospheric oxygen 
accumulation. Spontaneous oxidation of reduced carbon compounds 
occurs only rarely. The low reactivity is the consequence of the specific 
electron configuration of dioxygen (Halliwell and Gutteridge 1990). The 
outer valence shell of molecular oxygen contains two unpaired electrons 
with parallel spin (Fig. 1). Only few reductands fit to the electron con- 
figuration of O 2 (Gille and Sigler 1995). Spin inversion of one electron 
leads to singulet oxygen (Fig. 1). Spin-pairing facilitates further electron 
uptake. Stepwise transfer of single electrons to dioxygen yields O^®', 
and OH® in aqueous solution. 

The endergonic activation of O^ can be accelerated by photodynamic 
processes. Photosensitizing pigments catalyze the activation of oxygen 





e“ 




Fig. 1. Formation of reactive oxygen species. Spin-pairing activates dioxygen. The subse- 
quent uptake of electrons is an exergonic process. The figure shows the relative energy 
contents of the reactive oxygen species. The inset illustrates the electron configuration of 
Oj, singulet oxygen (O/) and superoxide anion (O/). The electron orbitals are assigned 
on the left-hand side of the inset. Hydrogen peroxide hydroxyl radicals (•OH) and 

water (H,0) are formed by further electron and proton uptake 
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following excitation by light. The high energy state is transduced to oxy- 
gen. The most important activation pathway is the interaction of with 
triplet chlorophyll (Anderson et al. 1992). The extent to which chloro- 
phyll-mediated O 2 activation occurs in chloroplasts can be assessed from 
experiments by Baba et al. (1996). These authors observed a positive 
relation between photooxidative damage and chlorophyll content. 
Within 2 h of a high-intensity illumination treatment, photosystem I 
(PSI) particles lost 50% of their chlorophyll in aerobic atmosphere when 
their ratio of chlorophyll to P-700 was 180 (PSI-chl^g^ particles). Con- 
comitantly, the electron transfer activity was decreased by 58% as a con- 
sequence of oxygen-mediated damage. The PS I-chl^g^ particles were not 
damaged under anaerobic conditions. Photoinhibition was less or in- 
significant in PS I particles with decreased chlorophyll content. Damage 
could not be observed in PS I-chl^^ particles with a chlorophyll to P-700 
ratio of 40. PS I-chlj^j^ particles gave intermediate results. 



b) ROS Formation by the Photosynthetic Electron Chain 

In plants, the photosynthetic electron transport system is the major 
source of ROS (Asada 1994). In the photosynthetic light reaction, ROS 
formation takes place at three major sites: (1) ROS may be liberated at 
the oxygen evolving complex by desactivation of the state during the 
water splitting cycle (Wydrzynski et al. 1989). This activity can be dem- 
onstrated in preparations of PS II particles in vitro, while formation of 
H^O^ at the oxygen- evolving complex cannot be measured under 







Fig. 2. Sites of ROS formation in the photo synthetic electron transport chain. ROS origi- 
nates from leakage at the water-splitting complex (f ), at the acceptor site of photosystem 
II (2) and photosystem I (3), from reduced ferredoxin (4) and as a consequence of physi- 
cal activation (5). Plastoquinone bound to PS II; PCy plastocyanine 
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physiological conditions. It only occurs after depriving the complex of 
chloride and, therefore, for the time being, is an experimental artefact 
(Wydrzynski et al. 1989). (2) ROS are formed at the reducing site of 
photosystem II. Electron leakage to at the acceptor site of PS II (Q^ 
site) liberates some H 2 O 2 at low rate (Elstner and Frommeyer 1979). (3) 
The major source of ROS is located at the acceptor site of photosystem I. 
Superoxide is formed either directly (Robinson and Gibbs 1982) or indi- 
rectly via reduced ferredoxin (Misra and Fridovich 1971; Fig. 2). 

The proportion of photosynthetic electron flow diverted into the re- 
duction of O 2 seems to be very variable. It ranges from 4 to 50% and de- 
pends on the plant species, photosynthetic metabolism and environ- 
mental conditions (Hodgson and Raison 1991; Osmond and Grace 1995). 
Hormann et al. (1993) characterized the pH dependency of photosyn- 
thetic O 2 reduction in isolated intact chloroplasts. The Mehler reaction 
displayed a peak activity at pH 5. Such a strong acidification of the thy- 
lakoid lumen occurs when the physiological substrates NADP^ and ADP 
are lacking. The pH optimum suggests that strong luminal acidification 
activates the oxygen reduction pathway as an alternative electron accep- 
tor leading to energy dissipation. From these data it is concluded that an 
important physiological function of the Mehler reaction is the regulation 
of photochemistry by thylakoid energization and prevention of photo- 
inhibition (Neubauer and Yamamoto 1992; see also Polle 1996). 

At physiological pH values the superoxide anions spontaneously dis- 
mutate into H^O^ and (Asada 1994). Several isoforms of superoxide 
dismutase (SOD) accelerate this reaction. According to Asada (1994), 
Mehler reaction combined with SOD action results in about 1 |imol H^O^ 
being produced mg chlorophyll'^ h'^ at 1% of maximum electron flow. At 
optimum conditions, the H^O^ production increased to 12 |imol H^O^ mg 
chlorophyll'^ h'^ (Asada 1994, recalculated under the assumption of 40 |Lil 
chloroplast volume mg chlorophyll'*). The potential of the Mehler reac- 
tion is even higher, and mechanisms are required which decrease the 
concentration of H^O^ in the chloroplast in order to avoid oxidative 
damage to macromolecules in particular. 



c) Destructive Potential of ROS 

Beside physical O 2 activation and electron transfer to oxygen in the 
photosynthetic light reaction, other metabolic reactions also lead to ROS 
formation. Examples are lipid peroxidation (Wise 1995; Schraudner et 
al. 1997), oxidase action (Mehdy et al. 1996) and metal-catalyzed Haber- 
Weiss reactions (Halliwell and Gutteridge 1990; Yruela et al. 1996). It has 
been well established for years that uncontrolled oxidation inactivates 
many key enzymes and initiates their degradation, e.g. alcohol dehydro- 
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genase, glutamine synthase, glycerate-3-phosphate hydrogenase, super- 
oxide dismutase and pyruvate kinase (Fucci et al. 1983; Casano and 
Trippi 1992; Desimone et al. 1996). In addition to enzyme inactivation, 
ROS facilitate nicking of DNA (Lim et al. 1993) and the non-enzymic 
breakdown of lipids (H5lzel and Spiteller 1995; Schraudner et al. 1997), 
as well as the proteolytic degradation of proteins (Fucci et al. 1983; 
Stieger and Feller 1997; Gomez et al. 1995). 

In most cases, ROS attack unsaturated carbon bonds, for instance 
double bonds in unsaturated fatty acids, in the bases of nucleic acids or 
in amino acids (Fig. 3). In addition, ROS react with aromatic amino ac- 
ids (e.g. Shen et al. 1997), also with the sulfur-containing amino acids 
cysteine and methionine (Stadtman 1992) as well as with histidine, due 
to its specific conformation (Larson 1988, Elstner 1990). In terms of 
costs, it is favourable to prevent uncontrolled oxidation of cellular con- 
stituents. Enzymic and non-enzymic antioxidants constitute a protective 
network against ROS. 



3 Antioxidants and Their Reactivity 

According to the definition by Halliwell (1994), an antioxidant is ”a sub- 
stance that when present at low concentrations compared with those of 
an oxidizable substrate, significantly delays or prevents oxidation of that 
substrate”. In higher plants, glutathione, ascorbate, tocopherol, fla- 
vonoids, a wide range of phenolic and unsaturated aliphatic compounds, 
various alkaloids and carotenoids (reviewed in Larson 1988) and polyols 
like mannitol (Ahmad et al. 1979; Bohnert and Jensen 1996; Shen et al. 
1997) are important metabolites protecting biomolecules from uncon- 
trolled oxidation. As different as their chemical nature are the reaction 
properties of these antioxidants. 

Compounds containing sulfhydryl groups like reduced glutathione 
(GSH) readily react with ROS. SH groups are oxidized in a two-electron 
transfer reaction and disulfide bridges are formed under simultaneous 
heteromeric or, as in the case of GSH, homomeric dimerization (Alscher 
1989). Conversely, one electron is transferred on the oxidant in the case 
of ascorbate and a monodehydroascorbate radical is formed (Asada 
1994; Fig. 4). GSH and ascorbate are highly soluble and accumulate in 
the stroma of chloroplasts to concentrations as high as 5-25 mM (Kunert 
and Foyer 1993; Gillham and Dodge 1986; Schoner and Krause 1990). 

The group of hydrophilic antioxidants is complemented by a group of 
highly hydrophobic compounds such as tocopherol, mainly a-toco- 
pherol, and carotenoids which are located in the membranes. The sub- 
cellular compartmentation of alkaloids, flavonoids and other phenolic 
compounds is a function of their physicochemical properties such as 
hydrophobicity and the presence of specific transport systems in cell 
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Fig, 4A, B. The reactivity of the low molecular weight antioxidants glutathione and 
ascorbate. A In the presence of and ROS, respectively, the sulphhydryl groups of glu- 
tathione (GSH) are oxidized and a glutatione homodimer is formed. B Ascorbate (Asc) is 
first oxidized to monodehydroascorbate radical (MDHA*) which disproportionates into 
ascorbate and dihydroascorbate (DHA) 



membranes. Their reactivity is very variable and depends on the type of 
reactive oxygen species (reviewed in Elstner 1990). 

The role of mannitol in the protection of plants against oxidative 
damage was recently investigated by Shen et al. (1997). These authors 
targeted mannitol biosynthesis to chloroplasts in transgenic plants. 
Chloroplast synthesis of mannitol significantly decreased oxidative 
damage by hydroxyl radicals. Although the reaction mechanism is still 
unknown, Smirnoff and Cumbes (1989) had demonstrated in vitro that 
20 mM mannitol is sufficient to scavenge 60% of the hydroxyl radicals 
formed in aqueous solutions. 

In addition to the low molecular weight antioxidants, enzymic anti- 
oxidants provide efficient and ROS-specific protection. Two isoforms of 
superoxide dismutase (SOD) accelerate the formation of and 
from by about 4 orders of magnitude as compared to the spontane- 
ous dismutation (Badger 1985; Fig. 5A). In a subsequent step, two iso- 
forms of ascorbate peroxidase (APx) reduce the by ascorbate oxi- 
dation. Finally, alkyl hydroperoxide reductases (Ahp) reduce alkyl hy- 
droperoxides to the corresponding alcohols (Fig. 5B). 
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Each type of antioxidant enzyme is present in a membrane-associated 
and a soluble form. In the case of APx and SOD, phylogenetically closely 
related isozymes reside at both locations, in the chloroplast stroma and 
at the thylakoid membrane. The corresponding genes have been cloned 
and analyzed. For example, the catalytic domains of the stromal and 
thylakoid-bound APx-isoforms are highly homologous with 82% pri- 
mary sequence identity in Arabidopsis thaliana (Jespersen et al. 1997). 
In addition to the common elements, the thylakoid-bound isoform 
shows a C-terminal extension with a predicted transmembrane segment 
which is likely to represent the membrane anchor. 

In contrast, non-related enzymes have to be assumed to detoxify al- 
kylhydroperoxides (Blee and Joyard 1996; Baier and Dietz 1997). A 
membrane-bound alkyl hydroperoxide reductase has been identified in 
spinach envelope membranes, but a detailed analysis of its molecular 
character is still missing. The soluble alkyl hydroperoxide reductase 
BASl belongs to the phylogenetically old group of 2-Cys peroxiredoxins. 
Homologous proteins are present in bacteria, fungi, animals and man 
(Baier and Dietz 1996a, b). Their unique characteristic is a highly con- 
served domain composed of four phenylalanine and one cysteine resi- 
dues, the so-called F motif. A second cysteine is located within another 
conserved domain. Both cysteine residues undergo a sulfhydryl- disulfide 
transition during the reduction of alkyl hydroperoxides. Regeneration of 
active enzyme requires rereduction of the disulfide bridge. On the basis 
of homology to the yeast enzyme, it may be assumed that thioredoxin 
directly provides the electrons for disulfide reduction. At this point it 
seems noteworthy that no enzyme activity towards alkyl hydroperoxides 
has yet been detected in association with the thylakoid membranes. This 
is all the more surprising since lipid peroxidation will occur at the thy- 
lakoid membrane during photochemistry. Interestingly, Holland et al. 
(1993) recently identified a third alkyl hydroperoxide reductase de- 
nominated phospholipid hydroperoxide glutathione peroxidase, but so 
far its subcellular localization is still unknown. 



Fig. 5A, B. The enzymic antioxidants reduce superoxide and organic and inorganic hy- 
droperoxides in thylakoid-bound and stromal systems (see text for details). A Detoxifi- 
cation of superoxide (O^* ) and hydrogen peroxide B Detoxification of organic 

hydroperoxides. Abbreviations: SOD Superoxide dismutase; APx Ascorbate peroxidase; 
FTR Ferredoxin-thioredoxin reductase; BAS chloroplast 2-Cys peroxiredoxin; Asc Ascor- 
bate; MDHA* mono dehydroascorbate radical; oxidized/ reduced ferredoxin; 

oxidized/reduced thioredoxin; ROOM organic hydroperoxide; GSH/GSSG reduced/oxi- 
dized glutathione 
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4 The Control of the Redox Homeostasis of the Chloroplast 

a) The Antioxidant Network 

a) The Interaction of Enzymic and Non-Enzymic Antioxidants 

Enzymic and non-enzymic antioxidants are connected in an antioxidant 
network (Fig. 6). One important link is the coupling of the glutathione 
pool and the ascorbate pool by glutathione-dependent dehydroascorbate 
reductase (DHAR; Foyer and Halliwell 1976). As mentioned above, even 
under favourable growth conditions, the pool size of both antioxidants is 
large (Schoner and Krause 1990; Kunert and Foyer 1993). Stress condi- 
tions such as ozone fumigation, drought stress and herbicide treatment 
displace the redox system from a highly reduced to a more oxidized 
state. Frequently, the cells respond with a stimulation of de novo syn- 
thesis of small molecular weight antioxidants such as glutathione and 



alkyl hydro- corresponding 
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Fig. 6. The antioxidant network. Glutathione (GSH) and ascorbate (Asc) are central me- 
tabolites of the antioxidant network which includes the antioxidant enzymes glutathione 
reductase {GR)y dehydroascorbate peroxidase {DHAR)y monodehydroascorbate reduc- 
tase (MDHAR)y ascorbate peroxidase (APx), the xanthophyll cycle and a-tocopherol 
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ascorbate (Alscher 1989; Foyer 1993). Glutathione is synthesized from 
glutamate, cysteine and glycine by the consecutive action of y- 
glutamylcysteine synthase and glutathione synthase (reviewed in 
Bergmann and Rennenberg 1993). Ascorbate derives from carbohydrates 
formed in the Calvin cycle (Foyer 1993). 

In addition to this role as low molecular weight antioxidant and its 
participation in regeneration of ascorbate from monodehydroascorbate, 
GSH also functions as cosubstrate in the reactions catalyzed by glu- 
tathione peroxidase (GPx) (Flohe and Giinzel 1984) and phospholipid 
hydroperoxide glutathione peroxidase (PHGPx) Holland et al. 1993). 
Ascorbate also links parts of antioxidant network. Besides its function as 
a reductant in detoxification catalyzed by ascorbate peroxidase 
(APx; Mehlhorn et al. 1996), it is involved in the regeneration of a- 
tocopherol (Foyer 1993) and in the deepoxidation of violaxanthin 
(reviewed in Yamamoto 1985). The ultimate electron donors are NADPH 
and NADH, which donate electrons to regenerate GSH and ascorbate by 
glutathione reductase (GR; Foyer and Halliwell 1976) and monodehy- 
droascorbate reductase (MDHAR; Hossain et al. 1984), respectively (Fig. 
6). The reductive regeneration is very efficient. A decreasing level of 
reduction is observed only during acute severe oxidative stress. Activa- 
tion of GR and MDHAR, on the level of both protein abundance and 
activity, allows the high reduction state of the redox system to be read- 
justed on a time scale of minutes to hours, depending on the intensity of 
the stress (Alscher 1989; Foyer 1993). In this context it is important to 
note that the redox state of glutathione responds faster and more 
strongly than the ascorbate system during and after the stress period 
(Foyer et al. 1994b). Possible causes for the distinct behaviour are the 
differences in pool size, in metabolic function and in subcellular com- 
partmentation. To some extent, the ascorbate pool may be considered as 
a slowly reacting backup system to regenerate reduced glutathione. 
There is one additional mechanism involved in keeping the cytosolic 
glutatione pool highly reduced. Oxidized glutatione is exported from the 
cytosol into the vacuole by an ATP-dependent pump in the tonoplast 
(Dietz et al. 1992; Tommasini et al. 1993). Some data suggest that oxi- 
dized glutathione and glutathione conjugates are degraded inside the 
vacuole in order to recycle the amino acids (Wolf et al. 1996). 



(3) Developmental Control of the Antioxidative Defence System 

The antioxidant network is built up stepwise during early development 
of the photosynthetic tissue. Most antioxidant enzymes are induced in 
close relation to the onset of photosynthesis. Conversely, catalase activ- 
ity appears with a delay of 48 h (Mishra et al. 1995). In all aerobic organ- 
isms the antioxidant activity is sufficient to deal with oxidative stress 
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Fig. 7. The 2-Cys peroxiredoxin BASl is induced in the cell division and elongation zone 
of the leaf. Its gene product accumulates in photosynthetically active chloroplasts 



characteristics for most growth conditions (Foyer et al. 1994b). Only 
under severe stress is the antioxidative capacity overburdened and dam- 
age develops. The expression of the alkylhydroperoxide reductase BASl 
of the 2-Cys-peroxiredoxin type is a typical example of development 
control (Fig. 7). BASl is restricted to green tissues and is a nuclear- 
encoded chloroplast protein (Baier and Dietz 1997). The protein amount 
increases from the base to the tip of the barley leaf, indicating accumu- 
lation with age (Baier and Dietz 1996a). Basl-transcript amounts are 
maximal in the youngest developing parts of the leaf and decrease to- 
wards the tip. This contrasts with the transcript pattern of typical photo- 
synthesis-related genes such as the small and large subunits of ribulose- 
1,5-bisphosphate carboxylase, chlorophyll a/b-binding protein or D1 
protein (Baier et al. 1996). In addition, bas 1 expression is under control 
of the redox state of the cells, being repressed after external application 
of the reducing agents P-mercaptoethanol, dithiothreitol and glu- 
tathione to the leaves (Baier and Dietz 1997). From this it seems reason- 
able to suspect that control of expression of antioxidants is partly inde- 
pendent of chloroplast development and that growing parts of plants are 
subjected to endogenous oxidative stress stimulating expression of anti- 
oxidant genes. 



y) Towards a Quantitative Understanding of Antioxidant Activities? 

Techniques of molecular biology enable us to specifically modify anti- 
oxidative activities of plant metabolism. Yet the data obtained from 
work with transgenic plants overexpressing or suppressing antioxidant 
genes are still contradictory at first sight (reviewed by Allen 1995). Ex- 
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pression of Mn-SOD in the chloroplasts reduced sensitivity to paraquat 
in tobacco (Van Camp et al. 1994), to acifluorofen and freezing in Medi- 
cago sativa (McKersie et al. 1993) and chilling in cotton (Trolinder and 
Allen 1994). Conversely, overexpression of chloroplastic Cu/Zn-SOD at a 
high level did not result in increased stress tolerance in petunia (Tepper- 
man and Dunsmuir 1990), whereas in other experiments a slight induc- 
tion of Cu/Zn-SOD increased the stress tolerance (Van Camp et al. 1994; 
McKersie et al. 1993; Trolinder and Allen 1994). Superoxide dismutation 
has to be followed by hydrogen peroxide reduction in order to avoid 
uncontrolled oxidation of cell constituents by H^O^. Therefore, high ex- 
pression of SOD may not be advantageous for plants as long as there is 
no concomitant increase in APx activity in the chloroplasts. A regulation 
fitting to this line of relationship was described by Sen Gupta et al. 
(1993), who observed a threefold increase in APx activity and transcript 
amount in transgenic tobacco plants overexpressing chloroplastic 
Cu/Zn-SOD. Miyake et al. (1991) showed that some cyanobacteria are 
devoid of ascorbate peroxidase, suggesting that there is an alternative 
pathway for the detoxification of H^O^ in addition to APx and catalase at 
least in some species. 

The role of plastidic glutathione reductase was investigated by ex- 
pressing a bacterial gene as chimaeric construct with a plastid targeting 
address in tobacco (Aono et al. 1993) and poplar (Foyer et al. 1994a). 
The transgenic plants revealed a slight increase in stress resistance indi- 
cating that the rereduction of oxidized glutathione by glutathione reduc- 
tase may become rate-controlling under stress conditions. In contrast, 
no major effect on the redox state of the glutathione system was meas- 
ured upon overexpressing glutathione synthase (Foyer et al. 1996). 

Recently, Orvar and Ellis (1997) provided convincing evidence that 
the cytosolic APx is of central importance in the antioxidant network. 
Transgenic tobacco mutants with half the APx content of wild- type 
plants developed severe symptoms of damage at moderate ozone con- 
centrations which had only little effect on wild-type plants. Not surpris- 
ingly, the antioxidant network is more or less mirrored in different sub- 
cellular compartments such as the chloroplasts, mitochondria, cytosol 
and even in the apoplast. The subcellular distribution is related to dis- 
tinct functions. Ozone directly interferes with the apoplastic ascorbate 
pool. Oxidized ascorbate must be regenerated. Possible mechanisms of 
regeneration are discussed in a recent review (Dietz 1997). Interestingly, 
although no or only little glutathione is present in the apoplast, ozone 
fumigation stimulates oxidation of glutathione. Obviously, the apoplas- 
tic ascorbate pool is linked to the c^osolic redox state across the limit- 
ing biomembrane (Luwe et al. 1993). Conversely, the transgenic experi- 
ment by Orvar and Ellis (1997) described above suggests that the chlo- 
roplastic APx cannot take the place of the cytosolic APx during ozone 
treatment. This conclusion addresses the open question concerning the 
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quality and quantity of subcellular exchange in the antioxidant network. 
Further, from the data summarized in this section, it has to be concluded 
that our understanding of antioxidant activities is still very incomplete 
and far from becoming quantitative. 



b) Dynamic Regulation of Photosynthesis 

As already mentioned above, the photosynthetic light reaction is linked 
to ROS formation. ROS formation is high when the incident photon flu- 
ence rate exceeds energy consumption in metabolism, for instance in 
plants exposed to high light intensities at low temperature or at limiting 
water and CO^ supply. E&ctive mechanisms to decrease the rate of ROS 
formation are the downregulation of photosynthesis and the dissipation 
of excess energy. The main reactions involved are (1) photo respiration 
(Heber et al. 1978), (2) Mehler reaction linked to ascorbate oxidation 
(Osmond and Grace 1995), (3) non-photochemical energy dissipation in 
dependence of the xanthophyll cycle (Demmig-Adams and Adams 
1996), and (4) photoinhibition (Wu et al. 1991). These reactions will be 
discussed briefly in the following sections. 



a) Photorespiration 

Oxygenation of ribulose-l,5-bisphosphate is the committed step initiat- 
ing the metabolic pathway of photorespiration. It is estimated that in 
unstressed C 3 -plants 20-27% of the CO^ fixed in photosynthesis is re- 
leased in photorespiration (Canvine 1990). The percentage of CO^ re- 
lease considerably increases when the intercellular CO^ concentration 
drops as a consequence of stomatal closure. In photorespiration, ATP is 
consumed during refixation of liberated ammonium and during glycer- 
ate kinase reaction. This adds up to the ATP and NADPH consumed in 
the Calvin cycle during regeneration of RuBP. The released CO 2 may be 
refixed in normal photosynthesis. Thus, oxygenation of RuBP is a valve 
diverting metabolites in the energy-dissipating pathway of photorespi- 
ration. It allows electron acceptors to be regenerated for the photosyn- 
thetic electron transport chain and the transthylakoid proton gradient to 
be relaxed. 

In addition to its function in energy consumption, photorespiration 
supplies glycine and the cysteine precursor serine and is thereby linked 
to glutathione synthesis. Recently, it was documented that glycine and 
cysteine availability limits glutathione synthesis by y-glutamyl cysteine 
synthase and glutathione synthase, especially under conditions of pho- 
tooxidative stress (Strohm et al. 1995; Noctor et al. 1997). On the other 
hand, Wingler et al. (1997) analyzed barley mutants with decreased gly- 
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cine decarboxylase activity under photorespiratory conditions. Accumu- 
lation of glycine led to an inhibition of photosynthesis. The relevance of 
this finding for regulating photosynthesis and photorespiration in vivo 
still needs to be established. 



P) Mehler- Ascorbate Peroxidase Reaction 

A second mechanism involved in metabolic dissipation of excess energy 
is the Mehler-ascorbate peroxidase pathway. A total of four light quanta 
absorbed at PS II and PS I lead to the formation of two molecules of O^*' 
and, following dismutation, to one molecule and one molecule O^. 
Four additional quanta are required to produce two molecules of re- 
duced ferredoxin (Fd) (Furbank and Badger 1983) which are indirectly 
used to reduce via APx dehydroascorbate reductase and glu- 

tathione reductase. In the overall balance, the energy of eight quanta has 
been dissipated and the thylakoid lumen has been acidified. No redox 
equivalents have been formed. The simplified reaction sequence can be 
written as follows: 



8 quanta SOD 

2Hfi -H O, + 2Fd„ ^ 20;- + 4H" + 2Fd , ^ + O, + 2H" + 2Fd„,. 

I I 

APx + dehydroascorbate reductase + glutathione reductase 

As outlined above, the detoxification of Mehler reaction- and SOD- 
originated ROS is realized by a twin system of enzymes: one set of APx 
and SOD is attached to the thylakoid membrane while the second is lo- 
calized in the stroma. The thylakoid-bound system represents the prime 
mechanism for ROS inactivation since ROS formation takes place at the 
thylakoid membrane. The stromal system is suggested to scavenge ROS 
escaped from the thylakoid-bound protection system (Asada 1994). At 
maximum rates, the Mehler reaction accepts up to 50% of the electron 
transport activity (Osmond and Grace 1995); but in contrast to pho- 
torespiration, the Mehler reaction does not relax but creates a transthy- 
lakoid pH gradient. The pH gradient contributes to membrane energi- 
zation (Schreiber and Neubauer 1990) and, therefore, to downregulation 
of the PS II and activation of the xanthophyll cycle (Neubauer and Ya- 
mamoto 1992). 



y) The Xanthophyll Cycle 

Non-photochemical dissipation of absorbed light energy as heat should 
be as low as possible in order to perform photosynthesis with high 
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quantum yield. However, under conditions of excess light absorption, it 
may become favourable to increase dissipation of energy as heat. The 
xanthophyll cycle provides an effective gear change to adjust the energy 
flow to the requirements of photochemistry. In the light, violaxanthin is 
deepoxidized to zeaxanthin via antheraxanthin when the energization 
state of the thylakoid system is very high. In the dark, epoxidation is 
stimulated and the ratio of violaxanthin to zeaxanthin increases. The 
luminal pH of the thylakoids, the supply of carotene and the availability 
of ascorbate (Hager 1969; Gilmore and Yamamoto 1993; Mohanty and 
Yamamoto 1995) are major determinants of the state of the xanthophyll 
cycle. Zeaxanthin and probably antheraxanthin are thought to act as 
"lightning rod", receiving the energy from excited chlorophyll and dissi- 
pating it harmlessly as heat (Demmig-Adams and Adams 1996). ROS 
generation is avoided, which otherwise could take place during interac- 
tion of oxygen with triplet chlorophyll. Violaxanthin, like other caro- 
tenoids with less than ten conjugated double bonds, does not quench 
excited chlorophyll (Demmig-Adams and Adams 1996). The fast redox 
cycling of the pigments provides a rapid mechanism to adapt plants to 
momentary changes in the environment. 



5) Photoinhibiton 

If the other protection mechanisms do not work properly, photoinhibi- 
tion is the final consequence of photooxidative stress and the ultimative 
device to reduce ROS formation. Phenotypically, photoinhibition is de- 
fined as strongly reduced quantum yield of photosynthesis. It protects 
the cells by decreasing the electron flux and the O 2 formation. The extent 
of damage and the kinetics of regeneration allow dynamic and chronic 
photoinhibition to be distinguished. Dynamic photoinhibition is short- 
term and readily reversible. It provides photoprotection by dissipating 
energy as heat and is tightly linked to the xanthophyll cycle. In contrast, 
chronic photoinhibition is characterized by long-term loss of photosys- 
tem II reaction centre function (Osmond and Grace 1995). It is caused by 
a rapid degradation of D1 protein (Aro et al. 1993) and chlorophyll a/b 
binding protein of photosystem II (Lindahl et al. 1995). Regeneration 
from chronic photoinhibition depends on protein synthesis and struc- 
tural rearrangement and is therefore slow. 

At first sight, all the mechanisms described in this section seem to 
waste energy and, therefore, resemble flawed pathways of photosyn- 
thetic metabolism. However, this view is wrong. A convincing body of 
evidence has accumulated during the past years that energy-dissipating 
pathways are essential to protect the photosynthetic apparatus from 
oxidative destruction and that their activity is under metabolic control. 
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5 The Regulatory Potential of ROS and the Stromal Redox State 

In addition to their effects on metabolism, ROS have gained a prominent 
function as regulators of cell development and metabolism. A well 
known example for ROS-mediated signalling is the pathogen-induced 
oxidative burst which triggers defense gene activation in host cells 
(reviewed by Mehdy et al. 1996; Low and Merida 1996). Binding of an 
elicitor to a plasma membrane-bound receptor induces superoxide for- 
mation by a membrane-bound NAD(P)H oxygenase via a signal trans- 
duction pathway including a G protein, phospholipase C, inositol- 1,4,5- 
trisphosphate, Ca^^ and a protein kinase (Fig. 8). The oxidative burst, in 
turn, is responsible for the induction of defense mechanisms, e.g. 
upregulation of phenylalanine ammonium lyase, chalcone synthase and 
isomerase and glutathione-S-transferase, which all belong to the large 
and variable group of "pathogenesis-related proteins" (PR proteins). The 
oxidative burst is also involved in the pathogen-dependent induction of 
apoptosis or hypersensitive response of host cells, a very efficient 
mechanism to avoid parasitizing by the pathogen (Mehdy et al. 1996). 



a) Redox Regulation of Enzyme Activity 

Photosynthesis depends on the buildup of the reducing power in the 
NADP system. Although electron transfer processes lead to the forma- 
tion of reduced ferredoxin (Fd^^^) and NADPH as well as of ROS, both 
types of products differ completely in their reactivity, Fd^^^ and NADPH 
being strong reductants, while ROS are strong oxidants. 

Changes in the cellular reducing power are linked to the redox state of 
cellular constituents via the thioredoxin system by thiol-/disulfide- 
exchange (reviewed e.g. in Kunert and Foyer 1993). Thioredoxins consti- 
tute a group of small redox proteins of about 12 kDa found in all organ- 
isms (reviewed in Holmgren 1989). In bacteria, a deficiency in thiored- 



elicltor O2*" formation 




Fig. 8. The oxidative burst in pathogen defense. Elicitor binding stimulates a G-protein 
which then activates phospholipase C and via inositol- 1, 4, 5-trisphosphate subse- 

quently a Ca^^-channel, a protein kinase and a plasma membrane-bound NAD(P)H oxi- 
dase which forms superoxide 
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oxins can be complemented by glutaredoxin (Holmgren 1989). Glutare- 
doxin was discovered in spinach chloroplasts only recently (Morell et al. 
1995). Its function still needs to be established. Regeneration of thiore- 
doxin and glutaredoxin takes place via the ferredoxin-thioredoxin re- 
ductase (FTR), ferredoxin and the photosynthetic electron flow. Thio- 
redoxin-dependent activation of enzyme activities in the Calvin cycle 
and reductive inactivation of the oxidative pentose phosphate cycle 
guarantee optimum tuning of carbon fluxes in dependence on the meta- 
bolic requirements (Scheibe 1996). For example, in the case of phos- 
phoribulokinase (PRK), the cysteine residue at position 55 (Cys-55) in- 
teracts with Cys-49 in thioredoxin f (Brandes et al. 1996). In the oxidized 
form of PRK, Cys-55 is linked to Cys-16 by a disulfide bond. 

Thioredoxin-dependent regulation represents a protective feedfor- 
ward mechanism minimizing ROS production. A high electron pressure 
in the photosynthetic electron transport chain favours ROS formation, 
but it also yields a high level of reduction of the ferredoxin and thiored- 
oxin system and, hence, a high state of activation of the enzymes of the 
Calvin cycle. As a consequence of the enzyme activation, more energy is 
diverted into the carbon reduction cycle and less in ROS formation by 
the Mehler reaction. 

In addition to thioredoxin and glutaredoxin, other proteineous and 
non-proteineous sufhydryl compounds act as regulators. Glutathione 
not only is substrate but may also act as signal molecule (Alscher 1989; 
Foyer et al. 1994b). In vitro GSH activates and GSSG inactivates hexo- 
kinase, glucose-6-phosphate dehydrogenase, several protein kinases and 
V-type-ATPase (Gilbert 1984; Fig. 9). The physiological significance of 
these findings remains doubtful, since high concentrations of GSSG were 
required to promote the inhibitory effects. Such high concentrations of 
GSSG are unlikely to occur in the cytosol in vivo; but it may well be pos- 
sible that high concentrations of GSSG and GSH mimic sulfhydryl group 
modification, which in vivo is realized by more specific and effective 
redox regulators. 




Fig. 9. Effect of oxidized (GSSG) and 
reduced glutathione (GSH) on ATP 
hydrolysis of the V-type-H"^-ATPase. 
(K.-J. Dietz and T. Mimura, unpubl.) 
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Substrates and cofactors also modify the redox behaviour of target 
enzymes. For example, increasing amounts of fructose- 1,6-bisphosphate 
reduce the thiol/disulfide redox potential of fructose- 1,6-bisphosphatase 
(Faske et al. 1995). NAD(P)-glyceraldehyde-3-phosphate dehydrogenase 
is only fully activated in the dark when thiols, 3-phosphoglycerate and 
ATP are added simultaneously (Baalmann et al. 1995). Obviously, redox 
regulation is not an independent switch mechanism but is tied into the 
fine control of metabolism. 

There are some indications that redox regulation of target proteins 
may directly by achieved by ferredoxin-thioredoxin reductase like en- 
zymes. This conclusion is based on the identification of thioredoxin-like 
domains for instance in the 3'-phosphoadenosine-5'-phosphosulfate 
reductase of Arabidopsis thaliana (Gutierrez-Marcos et al. 1997). Re- 
cently, a new perspective was opened on the role of redox modulation in 
pollen-stigma compatibility in the higher plant Phalaris coerulescens. An 
S-protein exhibited thioredoxin-like activity (Li et al. 1996). Deletions in 
the C terminus resulted in a decreased thioredoxin-like activity and the 
development of a phenotype of pollen-stigma incompatibility. From this 
finding, a working hypothesis was derived that the S protein is involved 
in redox modulation of a receptor regulating the self-incompatibility 
reaction. 



b) Regulation of Gene Expression by Cellular Redox Homeostasis 

A fascinating field of present research is the role of the cellular redox 
homeostasis in regulation of gene expression. Stressors such as ozone, 
drought, SO^, high light and UV-B irradiation increase intracellular ROS 
formation (Irigoyen et al. 1992; Willekens et al. 1994; Rao et al. 1996; 
Schraudner et al. 1997) and induce expression of the antioxidant genes 
encoding SOD, peroxidases, catalase, glutathione reductase and patho- 
genesis-related proteins (Kangasjarvi et al. 1994; Willekens et al. 1994; 
Kubo et al. 1995; Schwarz et al. 1996). ROS or ROS-dependent metabo- 
lites may be the common link between the various stressors, leading to 
the similar stress responses. 



a) Redox-Sensitive Regulation of Gene Expression 
and Identification of Promoter Elements 

Lee et al. (1994) and Schubert et al. (1997) introduced deletions in the 
promoter sites of phenylalanine ammonium lyase and resveratol syn- 
thase, respectively, and were able to identify cis-acting promoter regions 
that mediate the response of the genes to oxidative stress. However, the 
resolution of the analysis was not sufficient to identify the characteristic 
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sequence motifs, let alone the transcription factors involved in wound-, 
light-, pathogen- and ozone-induced activation of gene expression. 

First insight into such regulatory elements has been gained from work 
with salicylic acid and methyl jasmonate. Both are endogenous stress 
signals in plants, in the case of methyl jasmonate preferentially after 
wounding (Farmer and Ryan 1992) and in the case of salicylic acid dur- 
ing pathogen defense (Malamy et al. 1990; Raskin 1992). Salicylic acid is 
known to stimulate the production of H^O^, but and salicylic acid 
also act interdependently in establishing systemic acquired resistance. 
On the one hand, increased levels of stimulate cross-linking of the 
cell wall and enhance the enzymes involved in lignin and salicylic acid 
synthesis. On the other hand, high levels of salicylic acid inhibit catalase 
and APx activity at least in Arabidopsis thaliana (Rao et al. 1997). The 
inhibition of H202-degrading enzymes favours accumulation of ROS. 
Conversely, in Glycine max, Tenhaken and Rixbel (1997) found no in- 
hibition of catalase and APx following treatment with salicylic acid. They 
suggest that a loss of membrane control initiates hypersensitive death 
and that neither lipid peroxidation nor the oxidative burst or the altered 
accumulation of ROS is an essential element of signal transduction in 
the hypersensitive response downstream of salicylic acid. Reporter gene 
analysis indicates that both salicylic acid and methyl jasmonate require 
the same hexanucleotide sequence (TGACGT) in the nopaline synthase 
promotor for gene activation, although the reaction kinetics were differ- 
ent (Kim et al. 1993). 



P) The Kinetics of the Genetic Responses 

The previous sections have shown that plant cells respond to oxidative 
stress with a multidimensional programme. The various responses differ 



excess light post stress 



APx 2 

APx 1 Fig* 10* Schematic respresentation 
of the induction kinetics of gene 
Cat 1 expression during oxidative stress. 
Abbreviations: APx 1/2 ascorbate 
peroxidase 1/2; Catl catalase 1; GR2 
GR 2 glutathione reductase 2. (see Fig. 5 
in Karpinski et al. 1997) 
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in their kinetics (Karpinski et al. 1997) indicating the involvement of 
distinct signalling pathways (Fig. 10). (1) The fastest genetic response 
was observed within 7 min and was established after 30 min. Within this 
period, the transcript of the APx2 gene increased from a level below de- 
tection limit to high abundance. (2) A slower and less dramatic increase 
in gene expression started 15 min after stress exposure. The APxl- 
mRNA slowly increased from a constitutive background level to about 
18-fold in Arabidopsis thaliana at excess light. (3) The Catl gene which 
encodes a specific catalase represents the third group of much slower 
regulatory response. Its transcript amount increased 2.5-fold after 
60 min of excess light. (4) The fourth type of induction kinetics is re- 
stricted to the poststress period and to chronic stress. For example, the 
cytosolic glutathione reductase was induced 24 h after stress application. 
Nothing is known so far about the signalling pathways and the depend- 
ence of the late genetic events on the initial responses. 



Y) Redox Signalling and Redox-Sensitive Transcription Factors 

As pointed out by Lander (1997), redox signalling does not look like a 
linear "lock and key" system but like a broad chemical recognition sys- 
tem. It has to be assumed that several transcription factors interact with 
various redox-sensitive binding factors. Escoubas et al. (1995) suggested 
that the redox state of the plastoquinone pool modulates the expression 
of the chlorophyll a/b-binding proteins (cab) via protein phosphoryla- 
tion of an unknown factor. Wingate et al. (1988), Wingsle and Karpinski 
(1996) and others observed an up regulation of gene expression of pheny- 
lalanine ammonium lyase, chalcone synthase, glutathione reductase and 
Cu/Zn-SOD following oxidative stress. Expression of the cytosolic 
Cu/Zn-SOD was also stimulated after application of reduced thiols 
(Herouart et al. 1993). In contrast, expression of the 2-Cys peroxiredoxin 
BASl was repressed after feeding the reducing compounds GSH, ascor- 
bate or dithiothreitol to excised barley leaves (Baier and Dietz 1997). 
Again, these results indicate that different mechanisms are involved in 
redox signalling. 

In bacteria and mammalia, the redox state of thiols affects gene ex- 
pression directly via redox-sensitive transcription factors (Wu et al. 
1996). The redox sensitivity is mediated by specific cysteine residues of 
the transcription factor (Pognonec et al. 1992; Sun and Oberley 1996). 
Various redox-sensitive regulators have been identified, e.g. OxyR, SoxR, 
nF-KB and AP-1 (Storz et al. 1990; Meyer et al. 1993; Kullik and Storz 
1994; Hidalgo et al. 1997). The most thoroughly studied is OxyR from 
Salmonella typhimurium and Escherichia colu It regulates at least 9 of 
the 30 genes induced by (Morgan et al. 1986), for instance catalase 
and an alkylhydroperoxide reductase of the 2-Cys peroxiredoxin type 
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(Storz et al. 1989). Following its oxidation, OxyR activates genes tran- 
scription. The broad distribution of thiol-mediated transcription regu- 
lation in several animals and bacteria (Storz et al. 1990; Berg 1992; Kullik 
and Storz 1994; Duh et al. 1995; Wu et al. 1996; Sun and Oberley 1996) 
indicates that similar reaction mechanisms also exist in plants. 

ROS may directly interfere with transcription factors which expose 
redox-sensitive thiol groups. However, long-distance effects of oxidative 
stress across membranes and between organelles depend on receptors, 
signals and redox intermediates which transmit ROS activity and redox 
states. According to Karpinski et al. (1997), possible agents involved in 
signalling during oxidative stress in plants are salicylic acid, H^O^, GSH 
and GSSG, and photoreceptors, in addition to typical second messengers 
like calcium, IP 3 , G-proteins, protein kinases and the plant hormone 
methyl jasmonate. The inorganic ions and CT also seem to be in- 
volved. Transmembrane ion fluxes transiently increased in response to 
stress (Levine et al. 1994; Hahlbrock et al. 1995). This may be due to oxi- 
dative activation of channels which was described in membranes of 
animal cells (Bolotina et al. 1994). The hyperpolarization of the plasma 
membrane may then trigger downstream events in the signal transduc- 
tion pathway. 



5) Intercompartment Redox Signalling 

An important aspect in the cellular response to photooxidative stress is 
the intercompartment signalling. Under conditions of excess light, chlo- 
roplasts are the site of ROS formation. However, all antioxidative en- 
zymes are encoded by nuclear genes (Perl-Treves and Galun 1991; 
Willekens et al. 1994; Baier and Dietz 1997; Jespersen et al. 1997). Signals 
must be transmitted from the chloroplasts to the nucleus in dependence 
of the redox state. Different signal transduction pathways may be or 
have been hypothesized (Fig. 11). (1) Coupled to the cytosolic and stro- 
mal malate dehydrogenases the counterexchange of malate and oxalate 
links the NADPVNADPH-system of the chloroplast to the NAD^/NADH- 
system of the cytosol (malate valve) (Scheibe and Beck 1994). The sys- 
tem allows to transmit redox information between both compartments. 
(2) Receptors in the inner envelope membrane may perceive the signal 
and transduce it to the cytosolic site. As assumed for the redox regula- 
tion of cafo-expression, various receptor- dependent transduction cas- 
cades could be involved, e.g. G-proteins or kinase-mediated signalling 
(Wingate et al. 1988; Escoubas et al. 1995). (3) Ion channels maybe gated 
in dependence on the stromal redox state similarly to channels in the 
membranes of vascular smooth muscle cells (Bolotina et al. 1994). (4) 
Efflux of O 2 and H^O^ from the chloroplasts may increase ROS formation 
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Fig. 11. Hypothetical coupling between the redox systems of the chloroplast and the 
nucleus. The malate valve (1), ROS- stimulated signal transducer (2) or translocator (3), 
efflux of O 2 and (4), translocators for second messengers (5), and permeation of 
messengers (6) 

and displace the redox state in the cytosol. The formed ROS or mediat- 
ing regulators then influence nuclear gene expression. This regulatory 
mechanism resembles prokaryotic regulation. The major difference is 
that in eukaryotes it would have to be composed of two steps of ROS 
formation, one inside and one outside the chloroplast. (5) Specific carri- 
ers reside in the envelope membrane and translocate redox- sensitive 
metabolites. For example, the ascorbate carrier (Anderson et al. 1983) 
couples the stromal and cytosolic ascorbate pool. Distinct specificities of 
the carrier towards either the oxidised or reduced substrate could en- 
hance the signal. Indications for such a mechanism exist for the ascor- 
bate carrier in the plasma membrane, which preferentially accepts the 
fully oxidized dehydroascorbate as substrate (Horemans et al. 1997). (6) 
Reaction products of ROS may function as long-distance signals indicat- 
ing the redox state of the chloroplast stroma. One possible example are 
aldehydes, which are degradation products of alkyl hydroperoxides 
(Holzel and Spiteller 1995). Their rate of generation correlates with oxi- 
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dative stress (Irigoyen et al. 1992). Due to their lipophilicity, they easily 
permeate membranes. Jasmonic acid is another metabolite linked to 
peroxidative degradation of linolenic acid (Vick and Zimmerman 1984). 
Lipid peroxides also mediate damage of the superoxide dismutase (Lee 
and Park 1995). Inactivation of SOD could cause an increase in ROS 
concentration in each compartment and act as feedforward stress sig- 
nals. 



c) Final Remarks on Regulation of Gene Expression 
by Cellular Redox Homeostasis 

Responses to pathogen attack as well as to photooxidative stress are 
intermittently linked to the formation of ROS. Detailed expressional 
analysis indicates that genes of the general stress-response type must be 
distinguished from genes responding to specific types of stress only (Lee 
et al. 1994). Obviously, there exist distinct and common signalling path- 
ways. Cross-talk between signalling pathways may be assumed to be 
similar to what is known from animals and fungi. ROS formation may be 
a primary or secondary response to stress and represents an essential or 
a facultative element of the signal transduction pathway. For example, 
methyl jasmonate signals wounding (Farmer and Ryan 1992) and sali- 
cylic acid pathogen attack (Malamy et al. 1990; Raskin 1992). In both 
cases ROS formation is a secondary answer. Photooxidative stress and 
ozone treatment involve ROS formation as primary signal. Our under- 
standing of the signalling pathways is only slowly emerging. For in- 
stance, little is known about how cells combine and separate the input of 
information. Naturally, the analysis facing us will primarily aim at the 
molecular nature of the signalling pathways, the transcription factors 
and the promotor elements. 



6 Conclusion 

Reactive oxygen species are formed inevitably during cell metabolism 
and have a huge deleterious potential. However, plants are well 
equipped to efficiently inactivate ROS. In fact, as shown above, ROS are 
employed or even generated as useful signals and as indispensible reac- 
tants. Essentially, life is not possible without ROS. Nevertheless, plant 
growth is inhibited under conditions of excess ROS liberation (Gomez et 
al. 1995). Conversely, a stimulated accumulation of antioxidants en- 
hances growth in transgenic plants under certain growth conditions 
(Roxas et al. 1997). H^O^ is a cosubstrate of cell wall construction, an 
inhibitor of peroxidases and of other enzymes, and extracellular signal 
during oxidative burst. These examples illustrate the two-faced character 
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of oxidative metabolism. Work by Morre et al. (1988) indicated that the 
balance between ROS production and ROS inactivation is regulated by 
hormons and antioxidant defence mechanisms. Interestingly, even un- 
der non-stress conditions is the glutathione pool not fully reduced 
(Kunert and Foyer 1993). The GSSG level accounts for up to 10% of the 
total glutathione pool. This may be taken as evidence for continuous 
oxidation of reduced antioxidants, or may indicate the requirement for a 
low level of oxidized antioxidants to maintain a basic level of transcrip- 
tion of genes involved in antioxidant defence. Based on our present 
knowledge, one can phrase open questions for future research. Rea- 
sonably well known are the biochemical and chemical reactions of the 
enzymic and non-enzymic antioxidant network. However, little is known 
of the regulatory mechanisms maintaining the redox balance and on the 
in vivo capacities of the pathways to readjust the redox balance upon 
displacement following exposure to oxidative stress. Work with trans- 
genic plants has started to provide some first but fragmentary clues on 
this subject. Only few pieces of the apparently large puzzle have been 
identified in respect to the receptors, the transduction pathways and the 
genetic switches involved in signalling redox changes and oxidative 
stress. It may be envisaged that redox signalling will prove to be similar 
general importance in signal transduction as changes in proton and free 
calcium concentrations. 
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Growth: Progress in Auxin Research 

By Hartwig Liithen, Maike Claussen, and Michael Bottger 



1 Auxin Physiology - a Never-Ending Story 

Almost exactly 70 years ago, Frits Went (1928) characterized the first 
plant growth substance, auxin. Soon the natural auxin indole-3-acetic 
acid (lAA) was identified. Seven decades of attempts to clarify its mode 
of action followed. Although a bulk of data has been accumulated, most 
fundamental questions are still under intense debate: what protein is the 
growth-relevant auxin receptor, and where is it localized? What is the 
architecture of signalling chain leading to growth stimulation? There 
seems to be general agreement that auxin induces growth via cell wall 
loosening, but which molecular mechanism accounts for this? The state 
of auxin research after such a long time may be disappointing, especially 
if one considers that many plant physiologists - some of whom were 
very successful in other fields - have worked on the topic. It appears that 
auxin physiology is a "never-ending story", or at least that the difficulties 
in solving the problem may have been generally underestimated. 

One major difficulty in growth physiology is the diversity of auxin 
effects. We will focus this chapter on the classical response, the induc- 
tion of elongation growth and the molecular processes potentially in- 
volved in this response. 



2 Auxin Perception 

a) Membrane- Associated Binding Sites and ABPl 

Membrane-associated binding sites for auxin were identified in the 
1970s. An activity termed site 1 is localized predominantly at the endo- 
plasmic reticulum (ER), site 2 at the vacuole, and site 3 seems to be 
identical with the auxin efflux carrier at the plasma membrane (PM) 
(Dohrmann et al. 1978). Because of the known function of site 3 and the 
poor substrate specifity of site 2, interest focused on site 1. Site 1 from 
maize coleoptiles was purified to near homogenity by affinity chroma- 
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Fig. lA, B. Molecular structure of auxin-binding protein 1 (ABPl). A Origin of bioactive 
antibodies and peptides. The conservative boxes a und b are probably the auxin-binding 
site. Note the C-terminal endoplasmic reticulum retention signal KDEL. An antibody 
raised against box a is the D16 antibody. Polyclonal antibodies raised against the whole 
ABPl molecule (anti-ABP antibodies) are often directed against an area around the gly- 
colysation site (main polyclonal domain ). The C-terminal peptide DEDCFEAAKDEL 
probably attaches to the docking protein. B Possible mode of action of the bioactive 
antibodies and peptides, a Situation in the absence of auxin. Binding of lAA to ABPl (b) 
causes a conformational change which exposes the C-terminal amino acid sequence 
DEDCFEAAKDEL. This epitope binds to the docking protein, from which the signalling 
cascade is started. D16 antibodies with their affinity for the auxin-binding site (c) can 
mimic the action of lAA and therefore have auxin agonist activity. Anti-ABP antibodies 
may hamper auxin binding (d) and/or conformational changes of the ABPl molecule and 
inhibit auxin action. Synthetic oligopeptides with the sequence DEDCFEAAKDEL (e) can 
substitute for the lAA-ABPl complex action by binding to the docking protein and 
therefore possess auxin-like activity on transmembrane potassium currents of guard cells 



Growth: Progress in Auxin Research 



317 



tography (Lobler and Klambt 1985) and termed auxin-binding protein 1, 
(ABPl). Meanwhile, the maize ABPl gene was sequenced and cloned 
(Hesse et al. 1989; Inohara et al. 1989), as were analogues from Arabi- 
dopsis (Palme et al. 1992), tobacco, strawberry (see Jones 1994) and rad- 
ish (Anai et al. 1997). Figure lA shows an overview of the molecular 
structure of ABPl: surprisingly, a KDEL sequence occurs at the C termi- 
nus. Since KDEL is a signal sequence for retention in the lumen of the 
ER (Munro and Pelham 1987; Zagouras and Rose 1989; Dennecke et al. 
1992), the molecular structure explains the predominant localization of 
site 1 binding activity of ER. There are two conserved boxes (box A and 
box B), probably constituing the auxin-binding site. Antibodies have 
been raised against the whole ABPl molecule (anti-ABP antibodies; 
Lobler and Klambt 1985) or against epitopes of the ABPl protein se- 
quence (Napier and Venis 1990). D16 antibodies are directed against a 
synthetic oligopeptide with the sequence of box A (Venis et al. 1992; 
Jones 1994; Napier 1995). 



b) Evidence for ABPl as the Physiological Auxin Receptor 

There is physiological evidence suggesting that ABPl has receptor func- 
tion. 

1. Anti-ABPl antibodies (Fig. lA) block auxin-induced hyperpolariza- 
tion of tobacco protoplasts by shifting the bell-shaped dose-response 
curve for auxin towards higher concentrations (Barbier-Brygoo et al. 
1989). It seems that binding of the large antibody molecule disturbs 
binding of lAA or the lAA-induced conformational change (Fig. 
IB, d). 

2. Adding ABPl to the protoplast incubation medium has the opposite 
effect: the curve is shifted towards lower concentrations (Barbier- 
Brygoo et al. 1989). 

3. D16 antibodies (Fig. lA) - like auxin - induce a membrane hyperpo- 
larization (Venis et al. 1992). Since these antibodies are directed 
against the auxin-binding domain, their binding changes the con- 
formation of ABPl in a manner similar to the hormone (Fig. IB, c). 

All these findings were obtained by the tobacco protoplast auxin hyper- 
polarization assay (Barbier-Brygoo et al. 1989, 1991). However, whatever 
is measured by this assay, it is not membrane potential: the basal poten- 
tial of protoplast averages at +5 mV, which is much lower than the po- 
tential predicted from the Goldman equation. The auxin-induced hyper- 
polarization amounts to a mere 4-6 mV. For the question of auxin per- 
ception, this objection may, however, be irrelevant: whatever is detected 
by this assay seems to be auxin-sensitive. Moreover, work from the lab 
of Hubert Felle (Riick et al. 1993) demonstrates a similar effect of D16 
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antibodies on an ATP-dependent transmembrane current measured in 
the whole-cell patch clamp mode, suggesting a stimulation of the proton 
ATPase by D16 antibodies and auxin. The same authors show that anti- 
ABP antibodies block the auxin-induced current, but not the fusicoccin 
(FC)-induced one. This finding confirms that the anti-ABP antibodies 
act specifically on the auxin response. 



c) ABPl as a Receptor - the Docking Protein Hypothesis 

Since antibodies probably do not pass the PM, these data imply that 
ABPl acts as a receptor and perceives the auxin signal at the apoplasmic 
side of the PM. This is indeed puzzling, because ABPl as a KDEL protein 
should be strictly localized at the ER. Moreover, ABPl is not a classical 
receptor, since it lacks any transmembrane domains. To overcome these 
difficulties, it was assumed (Klambt 1990) that a small amount of ABPl 
can escape the ER - probably in a regulated manner. It will then show up 
at the plasma membrane and, after binding auxin, the hormone- ABPl 
complex will attach to an as yet unidentified transmembrane docking 
protein. Here, the signalling chain is started (Fig. 2A). In this sense, the 
ABPl-IAA complex would be the true hormone, and the docking protein 
the true receptor. 

Is this hypothesis valid? To evaluate this, the answers to three ques- 
tions are particularly crucial: (1) Is ABPl secreted to the membrane 
surface? (2) Is there physiological evidence for the presence of a docking 
protein? (3) Does ABPl bind to the plasma membrane and, if so, does 
the presence of auxin increase this binding? All these questions have 
been addressed by recent research. 

1. ABPl has been detected at the outer cell surface of protoplasts by 
immunoepipolarization microscopy (Diekmann et al. 1995), in cell 
walls by immuno gold labelling (Jones and Herman 1993). This indi- 
cates that, in fact, a very low amount of ABPl can escape to the 
apoplasm. In a very careful study, Henderson et al. (1997) could not 
detect any ABPl exit to the culture medium of coleoptile cells. They 
estimated the upper limit to be 2% of the total ABPl. Insect cells can 
be transformed with ABPl (MacDonald et al. 1994). Although 1% of 
these cells' total protein content is ABPl, only 1% of the ABPl is se- 
creted within 2 h (Henderson et al. 1997). This demonstrates the ef- 
fectiveness of the KDEL rentention system. It has been suggested that 
auxin stimulates ABPl exit to the plasma membrane surface by in- 
ducing a conformational change shielding the KDEL sequence. How- 
ever, neither in plant systems nor in transfected insect cells could 
such an auxin-induced stimulation ever be verified (Henderson et al. 
1997). Thus, ABPl transport to the PM surface may be an unspecific 
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Fig. 2 Ay B. Two versions of the ABPl docking protein hypothesis. A Original hypothesis 
proposed by Klambt (1990), modified. lAA binds to the dimer of ABPL The ABPl-IAA 
complex then attaches to a transmembrane docking protein from where the signalling 
chain is started. Note that the binding of the ABPl-IAA complex is the primary event 
starting signalling. B In this version, docking protein and ABPl form a functional unit 
acting as auxin receptor. The docking protein additionally may act as a chaperone that 
attaches ABPl to the ER membrane, possibly mediating ABPl exocytosis, as proposed by 
MacDonald (1997). Note that the binding of lAA to ABPl is the event that starts the 
signalling chain. This model is in line with the finding that the binding of ABPl to the 
plasma membrane is not affected by the presence of auxin 



escape rather than a regulated transport. It is decisive for the validity 
of the docking protein hypothesis that it occurs at all. 

2. Thiel et al. (1993) treated guard cells with a synthetic oligopeptide 
with the sequence of the C terminus of ABPl. They observed a 
modulation of potassium channels similar to the effect of high auxin 
concentrations in the same system. They postulate that auxin binding 
to ABPl results in an exposure of the C terminal sequence, which 
then attaches to the docking protein (Fig. IB, a, b). Therefore, appli- 
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cation of a synthetical peptide with this sequence should induce an 
auxin-like response (Fig. IB, e). 

3. The Klambt group (Schiebel et al. 1997) took a closer look at binding 
ABPl to isolated plasma membranes. They found - in agreement 
with the docking protein hypothesis - that ABPl binds specifically to 
the plasma membrane. However, their data do not indicate that this 
binding is enhanced by lAA. This would be clearly predicted by the 
docking protein hypothesis. In order to save the hypothesis, one can 
speculate that not the binding of the ABPl-lAA complex triggers the 
signalling, but that the ABPl -docking-protein complex is a functional 
unit that forms the receptor (Fig. 2B). A modified model of this type 
has recently been proposed by MacDonald (1997). She raised the 
possibility that the docking protein may be a chaperone with attaches 
ABPl at the inner surface of ER and PM and possibly facilitates the 
transport of ABPl through the membrane flow. 



d) Is ABPl a Red Herring? 

Unfortunately, the very clear-cut data in favour of ABPl as auxin recep- 
tor have been, up to now, restricted to an experimental system previ- 
ously rather uncommon in auxin research. The antibody-sensitive elec- 
trophysiological effects occur as early as seconds or 1-2 min after auxin 
addition, and they have been found up to now only on protoplasts, 
which are lacking a cell wall and therefore the capacity to display elon- 
gation growth. In the same time window, auxin is without any effect on 
or slightly inhibitory to growth (Tietze-Hafi and Dorffling 1977; Liithen 
et al. 1990; Fischer et al. 1992), proton secretion (Liithen et al. 1990; Pe- 
ters and Felle 1991a, b; Peters et al. 1998), or membrane hyperpolariza- 
tion (Felle et al. 1991) in intact organs. Stimulatory effects start to build 
up 10-15 min after auxin addition at the earliest. Thus, the value of the 
tobacco protoplast hyperpolarization as a model system for the more 
classical auxin effects is very limited. It still has to be envisaged that only 
a fraction of the very diverse auxin responses is mediated via ABPl, 
whereas other responses require auxin binding to other receptors. 

Hertel (1995) recently raised serious objection to ABPl as an auxin 
receptor, culminating in his claim that ABPl is a "red herring" rather 
than a receptor. His arguments are as follows: (1) 4-Cl-IAA appears to 
bind very poorly to site 1 in comparison to lAA (Hertel 1994). However, 
in vivo, 4-Cl-IAA is a stronger auxin than lAA (Bottger et al. 1978; 
Fischer et al. 1992). (2) ABPl levels vary between pea and maize, whereas 
auxin sensitivity does not. (3) Overexpression of ABPl does not change 
the phenotype significantly. Arguments (2) and (3) indicate that ABPl 
levels do not control auxin sensitivity, but, paradoxically, the eletro- 
physiological effects indicate the contrary. Concerning argument (1), it 
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has to be mentioned that a new study using purified ABPl instead of site 
1 binding resulted in a superior binding of 4-Cl-IAA to ABPl compared 
to lAA (Rescher et al. 1996). Arguments (2) and (3) can be overcome by 
assuming a bottleneck of ABPl transport to the outer plasma membrane 
which would uncouple total and active ABPl levels. 

Recent studies in our laboratory indicate that fragments of D16 
antibodies and anti- ABPl antibodies had no auxin-like effect on elonga- 
tion growth. D16 antibody fragments had instead an inhibitory action on 
auxin-induced proton secretion (Fig. 3). Whether this response is a 
homologue to the transient alkalinization evoked by auxin remains un- 
clear. In any case, D16 antibody fragments did not affect auxin-induced 
acidification or growth of maize coleoptiles (Claussen 1997). There was 
also no effect whatsoever of ABPl oligopeptides, which did not induce 
growth on their own; nor did their presence affect auxin action. Al- 
though such negative evidence has to be interpreted with caution, there 
are by now no hard data to support the validity of the ABPl -docking 
protein szenario for the triggering of elongation growth. 
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Fig. 3. Effect of D16 antibody fragments and auxin on apoplasmic pH in maize cole- 
optiles. Above lAA causes a pH drop to 4.3 after a short transient alkalinization. Below 
D16 F^^ fragments cause a transient alkalinization of the medium, but do not significantly 
alter the time course or magnitude of a subsequent auxin-induced acidification (Claussen 
1997). In contrast to the situation in the tobacco protoplast hyperpolarization assay, D16 
antibodies do not mimic the activity of the hormone auxin 
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e) Auxin Receptor for Growth: Inside or Outside? 

There is another threat to the ABPl -docking-protein hypothesis: studies 
in a number of laboratories indicate that the auxin receptor for the 
growth response is localized inside the cell. If coleoptiles are allowed to 
accumulate lAA, and the auxin is then removed from the incubation 
solution, growth rates will drop rapidly. This is, in fact, compatible with 
both intracellular and extracellular receptor localization. If, however, the 
auxin efflux carrier is blocked by the phytotropins naphthylphtalamic 
acid (NPA; Davies 1974; Vesper and Kuss 1990), pyrenoylbenzoic acid 
(PBA; Clausen et al. 1996), morphactin (Claussen 1997) or by triiodo- 
benzoic acid (TIB A; Claussen et al. 1996), growth is sustained even when 
the extracellular auxin is removed from the incubation medium (Fig. 
4A). Additionally, we could show that growth did not decline when 2,4-D 
was removed from the incubation medium even in the absence of any 
inhibitor. 2,4-D is known to be a very poor substrate for the auxin efflux 
carrier. NAA, another synthetic auxin, which is rapidly exported, be- 
haves in this test similarly to lAA. These data are readily interpreted by 
assuming an intracellular binding site for auxin. However, this conclu- 
sion is valid for the moment when the auxins are washed off, which was 
done 1-2 h after treatment, but does not necessarily hold true for the 
early phases of auxin action. In fact, the auxin efflux inhibitors do not 
affect the time course of auxin action in the case of short-term auxin 
pulse applications (Fig. 4B). Thus, it is still possible that extracellular 
auxin perception (perhaps by ABPl) is crucial in the very early phases of 
auxin action. 

Some mutant studies strengthen the role of intracellular auxin per- 
ception. The auxl mutant of Arabidopsis is resistant to high levels of the 
auxin herbicide 2,4-D (Maher and Martindale 1980). It could be shown 
that the auxin-induced root growth inhibition required much higher 
auxin concentrations in the mutant compared to the wild type (Pickett et 
al. 1990). The AL/Xi sequence has a high degree of homology to a class of 
carriers of aromatic amino acids like tryptophan or phenylalanin (Ben- 
nett et al. 1996). The idea is that the AUXl gene product is an auxin up- 
take carrier. Generally, auxin is taken up by an ion trap mechanism, but 
in the case of 2,4-D with its very acidic pK^, carrier-mediated uptake may 
be favoured. If this uptake mechanism is disrupted in the auxl mutant, 
2,4-D cannot be taken up efficiently and will not reach the intracellular 
receptor. It can, of course, also be speculated that AUXl is, in fact, the 
auxin receptor that evolved from an amino acid transporter. In either 
case, the data imply that there must be a pathway leading to auxin re- 
sponses not starting at extracellular ABPl. 

Recently, Boot et al. (1996) treated transgenic tobacco protoplasts 
harbouring a gene construct consisting of the GUS reporter gene and an 
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Fig. 4A, B. Experiments to clarifyr the localizatin of the auxin receptor relevant for growth 
control. A Maize coleoptile segments were treated with the inhibitor of the auxin efflux 
carrier NPA (-0-). (■) are controls not treated with NPA. At the second arroWj auxin was 
applied to both groups. The typical auxin-induced growth stimulation occurs after a 
short lag phase. After the maximal growth rate was attained, the auxin was removed from 
the incubation solution. In the untreated controls growth quickly dropped to control 
values. However, growth of the NPA-treated coleoptiles was sustained in the absence of 
external auxin. It seems that intracellular auxin, trapped by the blockade of the auxin 
efflux carrier, is sufficient to control growth. These results indicate the relevance of an 
intracellular receptor relevant for growth control. B Result of an equivalent experiment 
involving a pulse treatment with auxin of only 8 min. The auxin was washed off during 
the lag phase. Despite the short duration of the treatment the first peak of auxin action is 
displayed. Time courses of growth in NPA-treated and untreated coleoptiles do not vary. 
This result could indicate that in the initial phases of auxin action, an extracellular recep- 
tor is involved in the very early phases of auxin action, or that the decay of intracellular 
auxin is determined by auxin metabolism in such short-term treatments 
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auxin-induced promoter, with D16 antibodies. D16-F^^, significantly in- 
hibited both endogenous and auxin-induced gene activation after 5 h. 
They also reduced the uptake of 2,4-D to the cells, indicating that D16 
antibodies, additionally to their activity on ABPl, interfere with the 
auxin uptake carrier. Thus, D16 antibodies had no auxin agonist activity 
in this system. However, the same workers could confirm hyperpolari- 
zation in protoplasts induced by D16 antibodies. These results are also 
in line with the idea that in the very early time window of the electro- 
physiological measurements, the signal may be perceived by extracellu- 
lar ABPl, but subsequently, control rapidly shifts to an intracellular 
binding site. It could also be envisioned that ABPl and the auxin uptake 
carrier act as a functional unit. ABPl, by binding to AUXl, could add the 
auxin selectivity to a rather unspecific uptake carrier for aromatic sub- 
stances. The D16 antibody, binding to the auxin-binding pocket of 
ABPl, would disturb this pathway of auxin uptake. 



3 Auxin Signal Transduction 

Auxin signal transduction is still poorly understood. It has been sug- 
gested that a heterometric G protein transmits the signal further down- 
stream (e.g. Scherer 1992). Heterotrimeric G proteins are, in fact, present 
in higher plants (for a review see Millner and Causier 1996); however, no 
G protein coupled receptor has been up to now cloned from plants. Ett- 
linger and Lehle (1988) and Zbell (1988) observed an increase in IP 3 level 
when carrot cells were treated with auxin. This suggests the involvement 
of phospholipase C (PLC) in auxin signalling, which would generate 
diacylglycerol (DAG) and inositol-3-phosphate (IP3) as second messen- 
gers. However, the magnitude of these responses is very low compared 
to animal systems. 

Therefore, it has been suggested that phospholipase A (PLA), not PLC 
is the target of auxin signalling. Lysolipids would then play a role as sec- 
ond messengers. Inhibitors of PLA abolish auxin-induced proton secre- 
tion (Yi et al. 1996) and growth (Scherer and Arnold 1997). Lysolipids 
like lysophosphatidylcholin (LPC) stimulate in vitro ATPase activity and 
proton transport (Palmgren and Somarin 1989; Lanfermeijer and Prins 
1994; De Michelis et al. 1997). However, in vitro assays of this kind are 
difficult to interpret, because many detergents also act stimulatory on 
H"^-ATPase, and LPC has detergent-like activity. 

Like most signalling pathways, auxin action seems to involve protein 
phosphorylation. Kinase inhibitors like staurosporine block auxin- 
induced acidification, but do not impair proton efflux triggered by the 
fungal toxin FC (Yi et al. 1996). Fusicoccin activates the ATPase via a 
very different mechanism involving a 14-3-3 protein as FC receptor 
(Decking et al. 1994; de Boer 1997; Jahn et al. 1997) or as signal trans- 
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ducer (Aducci et al. 1995). In vitro phosphorylation of a number of pro- 
teins is stimulated in auxin-treated maize mesocotyls (Kato et al. 1996). 
The kinase activity responds to calmodulin inhibitors, suggesting the 
involvement of a calmodulin-dependent protein kinase. Mitogen-activ- 
ated protein (MAP-) kinases have also been suggested to be involved in 
auxin action (e.g. Mizoguchi et al. 1994). Evidence for this comes from 
studies using cell cultures and may therefore be relevant for auxin- 
induced modulation of cell division rather than for the control of elon- 
gation growth (for a review on the possible importance of MAP kinase 
cascades in ethylene and cytokinin signalling and in stress responses 
refer to Machida et al. 1997). 

It is well possible that surprising new evidence will soon come up 
giving a new direction to the auxin- signalling research. For instance, 
very recently Ichikawa et al. (1997) isolated an auxin- resistant mutant 
axi 141. A protoplast culture of Arabidopsis proliferates in the abscence 
of the hormone. The AXI 141 gene has been sequenced and has certain 
homologies to yeast adenylate cyclase. AXI 141 can complement yeast 
mutant defective in adenylate cyclase. This evidence tentatively suggests 
that cAMP may serve as a second messenger in the auxin signalling cas- 
cade leading to cell division. This idea, is however, at odds with conven- 
tional wisdom suggesting that cAMP in plants, if it occurs at all, is pres- 
ent only in very low, unphysiological concentrations and, therefore, 
cannot be a potent second messenger. Since axi 141 plants show a nor- 
mal phenotype, it may well be that the AXI 141 gene product is not in- 
volved in the control of cell elongation. 



4 Growth-Relevant Targets of Auxin Signalling 

a) Plasma Membrane Proton Pump: ATPase Stimulation or Induction? 

It is well established that medium acidification is strongly increased by 
auxin. Proton pumping is - at least primarily - brought about by the 
plasma membrane ATPase. Two effects can potentially be responsible 
for auxin-induced increase of proton pumping: stimulation of ATPase 
and induction of a rapid de novo synthesis of ATPase. Both possibilities 
have been experimentally investigated. Riick et al. (1993) could measure 
by patch clamp methods an ATP-dependent transmembrane current in 
tobacco protoplasts, which they interpreted as the activity of the plasma 
membrane proton ATPase. Adding auxin to these protoplasts instantly 
stimulated this activity. It is well known that the ATPase can be stimu- 
lated by LPC, which may link these data to the signalling pathway dis- 
cussed above. In isolated PM vesicles, stimulation of ATPase by auxin 
has been detected by several workers. However, this effect may be due to 
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a shift in the of the ATPase, and its physiological significance criti- 
cally depends on the assumed in vivo ATP concentration. 

The alternative model de novo synthesis of ATPase, can easily explain 
several physiological data obtained with intact coleoptiles and hypo- 
cotyls. Auxin-induced acidification requires a lag phase of about 10- 
15 min, which may be the time needed for synthesis and transport of the 
ATPase via the membrane flow. It can be rapidly prevented by inhibitors 
of protein biosynthesis like cycloheximide (CHI; Bottger et al. 1984; 
Frias et al. 1996). The Hager group could immunologically demonstrate 
the appearance of de novo-synthesized ATPase at the plasma mem- 
branes of maize coleoptiles after about 10 min (Hager et al. 1991). The 
ATPase level could be strongly suppressed by treatment with CHI, sug- 
gesting that the de novo-synthesized ATPase has a very short half- 
lifetime of about 12 min. This fits nicely with the strong dependence of 
growth (Cleland 1971; Edelmann and Schopfer 1989) on ongoing protein 
synthesis. Inhibitor studies suggest that the hypothetical "growth- 
limiting protein" has a half-lifetime of 12-15 min (Cleland 1971). 

Immunological detection of ATPase involves several complications: 

(1) Auxin may stimulate only a certain isoform of ATPase, whereas the 
various anti- ATPase antibodies may have a broader range of specificity. 

(2) Most of the ATPase detected in PM preparations originates from the 
phloem and from stomata (Villalba et al. 1991), and this ATPase seems 
not to be induced by auxin. These problems may be the reason why 
some groups could not confirm auxin-induced synthesis of ATPase 
(Jahn et al. 1996). It remains unclear, however, why Hager et al. (1991) 
found a fivefold auxin-induced increase of ATPase protein in intact co- 
leoptiles, whereas Frias et al. (1996) could detect only an 1.7-fold induc- 
tion of the ATPase stimulation in segments from which the vascular 
tissues had been removed. In the examples where de novo-synthesized 
ATPase could be detected, the data leave the question open to what de- 
gree the newly produced isoforms contribute to auxin-induced medium 
acidification and growth. Frias et al. (1996) investigated the auxin- 
induced expression of a major ATPase isoform gene, MHA2y in maize 
coleoptiles. They found that on both the mRNA and protein level, auxin 
induced the gene only in non-vascular tissues, whereas the hormone did 
not affect vascular ATPase expression and synthesis. It is still not clear, 
however, to what degree auxin-induced ATPase de novo synthesis in- 
creases cell wall acidification. Frias et al. (1996) suggest that the auxin- 
induced acidification response is stronger in the non-vascular tissues, 
but these data are very difficult to interpret. Future research will show if 
the rather small increase of ATPase on the protein level by auxin (factor 
1.7 in non-vascular tissue) can account for the auxin-induced increase in 
proton pumping. 
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b) Channels 

Most studies assumed that auxin-induced medium acidification is al- 
ways an indication of stimulated ATPase. This basic idea is, however, 
not necessarily correct. Alternative to the conventional Bronsted acid- 
base theory, pH can be described as a function of the differences in the 
concentration of strong ions (SID). Any transmembrane transport of 
strong ions will change SID and, therefore, pH (Stewart 1983). Stimula- 
tion of the proton pump only evokes a significant drop in pH if it is bal- 
anced by a charge compensating flux of strong ions. is the major 
counterion to balance the proton flux by the ATPase. A pH drop may be 
due to a stimulation of ATPase or, alternatively, may be brought about 
by an opening of potassium channels. As early as 1973, Haschke and 
Liittge could show that auxin-induced medium acidification requires the 
presence of ions. However, several workers could detect auxin- 
induced growth in distilled water or weak NaCl solutions (Terry and 
Jones 1981; Kutschera and Schopfer 1985). Thus, it was concluded that 
acidification of the cell wall is an independent side effect and not causal 
for growth stimulation (e.g. Kutschera 1993). Recently, Claussen et al. 
(1997) could demonstrate that auxin-induced growth in fact depends 
very strictly on potassium, if the experiment is carried out in solutions 
with divalent cations (Fig. 5A). Under these conditions, auxin-induced 
growth could be reversibly abolished by treatments with potassium 
channel blockers like tetraethylammonium (TEA; Fig. 5B), Ba^^ (Claus- 
sen et al. 1997) and Cs^ (M. Claussen and H. Liithen, unpubl.). Probably, 
potassium ions bound to fixed charges in the Donnan free space of the 
cell wall mask the potassium dependency in solutions of low ionic 
strength. 

Although these data clearly demonstrate that the activity of potas- 
sium channels is a necessary condition for auxin-induced growth, they 
do not really prove that auxin-induced growth is regulated by chan- 
nels. Blatt and Thiel (1993) demonstrated in a voltage-clamp study with 
guard cells that lAA or NAA stimulated the inward-rectifying current 
by a factor of 1.5 to 2 in a concentration range between 0.1 and 10 |iiM. 
At higher lAA concentrations the inward current was inhibited, and the 
outward- rectifying current was stimulated. The effects of higher concen- 
tration of auxin can be mimicked by C-terminal peptides of ABPl (Thiel 
et al. 1993, see above). Unfortunately, patch clamp studies of maize cole- 
optile protoplasts did not reveal any potassium channel opening in- 
duced by auxin (R. Hedrich, pers. comm.). 

As with the ATPase, the total ion flux into the cell can be also en- 
hanced by increasing the number of channels in the PM. Ongoing stud- 
ies in Hedrich’s and our laboratories are meanwhile exploring whether 
the genes of channels are activated by auxin. Preliminary data 
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Fig. 5A, B. Demonstration of the dependence of auxin-induced growth on the activity of 
channels. A The auxin NAA only induces growth in K^-containing buffers (A) but not 
in K^-free media (V, -K^). It is possible to induce growth without any lag phase under - 
K-conditions by adding (V) or to stop growth by removing und +K conditions (A). 
B The potassium channel blocker inhibits auxin-induced growth. Removal of TEA {□) 
causes a rapid recovery, demonstrating reversibility of the action of TEA. (Claussen et al. 
1997) 

suggest that channel gene is induced after 30-45 min of auxin treat- 
ment. Although this effect cannot explain the very early phases of 
growth stimulation, it can easily account for the osmoregulation neces- 
sary for sustained auxin-induced growth. Osmoregulation by potassium 
channels is, for instance, clearly shown in protoplasts, which undergo 
swelling when treated with auxin. This response is inhibited by potas- 
sium channel blockers like TEA (Keller and VanVolkenburgh 1996). 
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c) Rapid Gene Induction by Auxin 

A number of genes are induced by auxin. This topic has been thoroughly 
reviewed (Abel and Theologis 1996; Sitbon and Perrot-Rechenmann 
1997) recently. For the understanding of auxin-induced growth, genes 
that are very rapidly expressed after auxin addition are most promising. 
Small auxin upregulated (SAUR) mRNAs show up only 3-5 min after 
treatment (McClure et al. 1989, Yamamoto et al. 1992; Yamamoto 1994). 
Unfortunately, their function is as yet unknown. The family of Aux/IAA 
genes seems to encode for nuclear proteins which are potential tran- 
scription factors. They are also rapidly upregulated. Aux/IAA mRNAs 
have been detected within 5-60 min of the presence of the auxin signal. 

A number of rapid genes have known functions. It has long been 
known that lAA treatment in a variety of tissues triggers ethylene bio- 
synthesis - a beautiful example for hormonal interaction in plants. It 
was not a big surprise that some auxin-induced genes code for 1- 
aminocyclopropane-l-carboxylil acid (ACC)-synthase. Another class of 
auxin-induced genes, the GH2/4-like genes, code for glutathione-S- 
transferase (Hagen et al. 1988; Takahashi and Nagata 1992; Guilfoyle et 
al. 1993; Bilang and Sturm 1995). The corresponding mRNAs appear 
after 15-30 min. Gutathione-S-transferase plays a key role in the regula- 
tion of the cellular redox state and in detoxification mechanisms. Most 
thrilling is the fact that this cytosolic enzyme binds auxin and can be 
photoaffinity-labelled by Azido-IAA (Bilang et al. 1993; Bilang and 
Sturm 1995). 

One problem in the identification of auxin-induced genes is the de- 
sign of control experiments. It has been shown, for instance, that GH2/4- 
like genes are not induced by abscisic acid (ABA), Cu^"^, gibberellic acid 
(GA) and tryptophan. For SAUR genes, it has been checked that their 
expression is not triggered by ABA, 1-aminocyclopropane-l -carboxylic 
acid, BA (benzyladenine), GA and tryptophan. More relevant controls 
for auxin specifity would be the inactivity of 2,3-D or 2-NAA. 

The recent demonstration of induction of potassium channels, proton 
ATPase genes, has been mentioned above. 



5 Understanding Wall Loosening 

a) Acid-Induced Wall Loosening 

The acid growth theory was first proposed by Ulrich Ruge in 1937. His 
model of auxin-induced growth in Helianthus was very progressive. 
Since ion pumps were still unknown, Ruge explained the auxin-induced 
acidification by an accumulation of the free acid lAA in the apoplast. 
The pH drop would then increase cell-wall extensibility, and the turgor 
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pressure then would cause an increase in cell volume, which results in 
elongation growth. In the subsequent phases, Ruge envisioned other 
processes like cell-wall synthesis and osmoregulation as more important 
than acid growth (for more details see Liithen 1995). The theory was 
forgotten for decades until it was rediscovered in the 1960s by A. Hager. 
This work led to the first formulation of this theory in its modern form 
in 1971 in a pioneering paper (Hager et al. 1971). 

Briefly, the theory suggests that auxin-induced cell wall acidification 
is the cause of auxin-induced wall loosening. It links the membrane ac- 
tivities discussed above to cell-wall loosening and growth control. Like 
other classical theories in plant physiology (e.g. the Cholodny-Went 
theory), it survived several challenges (Kutschera and Schopfer 1985; 
Kutschera 1993), but was never completely disproved. 

Doubts have been raised whether the acidification induced by lAA is 
sufficient for triggering a significant cell-wall loosening. All investiga- 
tions of the problem up to now measured not the true apoplasmic pH, 
but the pH of the incubation solution. There were vast differences in the 
results: Kutschera and Schopfer, in their 1985 paper, reported a pH of 
6.5-6 with maize coleoptiles, that dropped to pH 5.5 in the presence of 
auxin. An acidification of the incubation medium to pH 5.5 did not in- 
duce growth in the absence of auxin. Liithen et al. (1990) found pH of 4.8 
without auxin and a pH of 4. 1-4.2 with auxin. This pH is able to induce 
significant growth, about 50% of the value obtained with lAA. Although 
the result does not prove the exclusive role of protons as cell-wall- 
loosening factor, it indicates a significant participation of cell-wall 
acidification in cell- wall loosening. Peters and Felle (1991a, b) could 
show that in order to obtain equilibrium pH measurements that reflect 
changes in apoplasmic pH, certain criteria have to be met. Especially a 
minimal tissue-to-volume ratio has to be used. If this was the case, pH 
fell to 4.1 in the presence of lAA. The temporal correlation of acidifica- 
tion and growth response was excellent in cases where both parameters 
were measured simultaneously (Peters et al. 1998). Summarizing the 
available evidence, it appears that the acid growth theory explains a 
significant fraction of auxin-induced growth. Many "tests" of the theory 
assumed that "acid-growth" and "auxin-induced growth" may be addi- 
tive. Instead, it may be that lAA, besides cell-wall acidification, triggers 
an additional pH-dependent wall-loosening process, thereby enhancing 
the sensitivity of the wall to protons. If this is true, many arguments 
brought forward for or against the theory are missing the point. 

In the 1970s, the acid-growth theory was developed as an alternative 
to the gene-activation hypothesis, since at that time it could not be en- 
visioned that a protein can be synthesized and secreted to the cell wall 
within 10-20 min. Today, after the finding of de novo synthesis of chan- 
nels and ATPases in response to auxin and the detection of other "early" 
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auxin- induced genes, the gene-activation and acid-growth theories of 
auxin action are no longer contradictory. 

Progress has been made in the understanding of the cell-wall- 
loosening process itself. For many years, cell-wall biochemists have 
failed to exactly pinpoint the cell-wall-loosening (hydrolytic) enzyme 
that is stimulated by acidic pH. 

Cosgrove and coworkers found that boiling cell walls abolishes their 
ability to undergo acid-induced loosening, probably because of denatu- 
ration of a wall-loosening protein. However, a crude cell-wall protein 
fraction, when added to boiled walls, reconstituted the sensitivity to acid 
treatment (McQueen-Mason et al. 1992; Li et al. 1993; Cosgrove and Li 
1993). The corresponding proteins were isolated and sequenced. It be- 
came apparent that these "expansins" were members of a large gene 
family. Meanwhile, it is obvious that expansins also modulate cell-wall 
changes in fruit ripening (Rose et al. 1997). Recently, Fleming et al. 
(1997) could induce the formation of leaf primordia by locally applying 
expansins. This finding underlines the significance of localized cell- wall- 
loosening events in the control of morphogenesis and development. 

Cell-wall loosening by expansins is not due to a hydrolytic activity, 
but caused by a removal of hydrogen bridging bonds between cell- wall 
polymers (McQueen-Mason and Cosgrove 1994). This may solve a puz- 
zle: while dicot and monocot cell walls vastly differ in composition and 
structure (for a review see Carpita and Gibeaut 1993), cell-wall loosening 
in response to auxin and pH is very similar in both groups. In fact, dicot 
expansins can loosen monocot cell walls. McQueen-Mason and Cosgrove 
(1994) could even demonstrate acid-induced loosening of Whatman 
filter paper mediated by expansins. Recently, it was found that one 
group of expansin genes is induced 60 min after auxin treatment (D. J. 
Cosgrove, pers. comm.). 



b) Other Possible Wall- Loosening Mechanisms 

It has to be mentioned that apart from expansin activity, a number of 
processes have been related to auxin- or acid-induced cell-wall loosen- 
ing. Masuda and coworkers were able to inhibit auxin-induced elonga- 
tion and wall loosening with antibodies against various cell-wall poly- 
saccharides like glucans (Hoson et al. 1992) or xyloglucans (Hoson et al. 
1991). Recently, a slight inhibition of auxin-induced growth by anti-(3- 
1,3-endoglucanase antibodies was reported (Mutaftschiev et al. 1997). In 
some cases, auxins caused a long-term increase in cellulase activity 
(Hayashi et al. 1984; Hayashi 1989; Fry 1989). Some groups consider 
xyloglucan endotransglycolase (XET) as a key player in auxin-induced 
wall loosening (Fry et al. 1992; Hetherington and Fry 1993; Hoson et al. 
1993). By transglycolysation with an oligosaccharide, XET has the po- 
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tential to act as a wall-loosening enzyme. Transglycolyzation with a 
polysaccharide can antagonize this loosening process, which makes the 
idea of XET as a regulator of cell wall loosening attractive. Since xyloglu- 
cans form hydrogen bridges to cellulose fibrils, this concept is not at 
odds with the idea that expansins modulate wall loosening. 



6 Roots: Auxin Research "Down Under” 

Most physiological work on auxin signalling has up to now been re- 
stricted to coleoptile and hypocotyl segments. These systems have a 
major advantage: the increase in length is due to cell elongation - cell 
division is not involved. Roots display very high rates of cell elongation 
restricted to their very small elongatin zone - in primary roots 3-8 mm 
from the root apex. Thus, the supply of fresh cells from the meristematic 
zone may control root elongation, but only on quite long time scales. In 
the root system, auxin has an inhibitory effect on root growth. These 
experimental drawbacks may have led to the situation that many basic 
facts of root auxin physiology are still not established. Thus, it is ade- 
quate to begin this section by separating fact and fiction. 

There are reports that root growth is stimulated by very low (e.g. 
10’^*’ M lAA) auxin concentrations, harking back to Thiman (1937). It is 
said that the optimum of the bell-shaped dose-response curve is shifted 
to lower concentrations in roots. Thus, concentrations which are stimu- 
latory in shoots and coleoptiles are overoptimal - and therefore inhibi- 
tory - in roots. Since these graphs look so beautiful, they are represented 
in every botany textbook. However, serious doubts about this pretty 
picture have to be raised. (1) In all reported cases, stimulation of root 
growth is a very subtle effect, or even statistically insignificant (Aberg 
1957). It is not comparable with the rapid and dramatic growth re- 
sponses in shoots. There are reports that pretreatment with ethylene 
biosynthesis blockers is required to see the stimulation (Mulkey et al. 
1982), but these could not be confirmed in our laboratory (Liithen and 
Bottger 1988). (2) The inhibition of root growth is an instantaneous ef- 
fect occurring after a short lag phase of some minutes (Evans 1976; 
Liithen and Bottger 1993). In contrast, inhibitory high auxin concentra- 
tions transiently stimulate shoot growth in the first hour after auxin 
application. After that period, shoots irreversibly cease growing because 
of cell damage. In 24 h segment biotests, these effects add up. The result 
is in an apparent inhibition (Cleland 1972), which does not reflect rapid 
auxin action. Thus, the inhibitory branch of the dose-response curves in 
roots and coleoptiles are not homologues. (3) The dose-response curves 
of the root inhibition and stimulation in abraded coleoptiles are nearly 
identical - only the effects are in opposite directions (H. Liithen and M. 




Growth: Progress in Auxin Research 



333 



Clausen, unpubL). Thus, it seems that auxin stimulates shoot growth, 
but inhibits root cell elongation. 

The mechanism of the inhibition of root growth is still unresolved. It 
has been shown that auxin inhibits proton pumping (Evans and Vesper 
1980; Liithen and Bottger 1988, 1993). This response is precisely to the 
elongation zone (Liithen and Bottger 1988). The inhibition of proton 
pumping may lead to an apoplasmic alkalinization, to cell-wall stiffen- 
ing, and thus to growth inhibition (e.g. Evans and Vesper 1980; Mulkey 
et al. 1982). However, again, some facts stand against this type of 
"upside-down version" of the acid-growth theory: The inhibition cannot 
be reversed by acidic solutions or by FC. Acid growth - at least in maize 
roots - is a small and short-lived phenomenon - if it occurs at all. Un- 
published data from our laboratory indicate that sensitivity to acid- 
induced root growth differs considerably between varieties - but that all 
display the auxin-induced growth inhibition. Thus, it seems that factors 
other than the apoplasmic pH are causal for an irreversible cell-wall 
stiffening. Oxidative cross-linking may be a good candidate for such a 
mechanism. In any case, our group could recently establish that auxin, 
in fact, decreases cell-wall extensibility in maize root elongation zones 
(Biintemeyer et al. 1998). This response was also independent of pH. 



7 Perspectives in Auxin Research 

The "auxin problem", i.e. the question of how auxin causes the dramatic 
increase in growth rate, is a classical problem in plant physiology. Figure 
6 may serve as a summary model that incorporates much of the evidence 
discussed above. Unfortunately, such a model still has to be very vague 
and partly speculative. Other auxin physiologists may focus on different 
aspects. Although auxin research is as old as photosynthesis research, 
the latter - right from the start - penetrated the molecular mechanisms 
much more deeply. Thus, one may be disappointed in the current state 
of auxin research. The question "What is wrong with auxin research?" 
was first posted by Burstrom (1974). The basic problem he spotted was 
the step from in vivo to in vitro research: "Our bad luck is that growth 
cannot be studied in a test tube, nor can we - as photosynthesis scien- 
tists do - fractionate cells and pick out bodies where our process takes 
place. As soon as a cell is disintegrated we lose control of whether that 
which we are studying leads to growth or not." 

Almost a quarter of a century later, Brustrom's problem is still mani- 
fest in the state of our knowledge of all stages of the auxin-signalling 
chain: loosing the growth in the step from in vivo to in vitro begins even 
in protoplast preparation -- as we saw on the ABPl receptor question. 
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Fig. 6. Outline of a hypothetical model of auxin action on elongation growth. lAA is 
taken up both via an auxin influx carrier (AUXl) and an ion-trap mechanism. It can be 
exported by an export carrier. Extracellular lAA is sensed by ABPl. Additionally, there 
appears to be an intracellular receptor, which may be ABPl in the ER or a different intra- 
cellular protein. Circumstantial evidence suggest that G proteins and phospholipase A 
(PLA) are included in a signalling chain, which leads to a stimulation of ATPase. It can be 
envisioned that a kinase cascade leads to the expression of several genes. The nature of 
some of them is not very well known, but it seems that both ATPase, channels, and 
some expansins are induced by auxin. The concerted activity of channels and H"^- 
ATPase leads to a pH drop in the apoplast, which is a critical step in cell-wall loosening. 
Acid-induced cell-wall loosening depends on the activity of expansins, but other wall- 
loosening enzymes and cell-wall biosynthesis are certainly necessary for sustained cell 
elongation 

In future, molecular biology can build a bridge between physiology 
and biochemistry. Mutants of possible key players in the auxin- 
signalling pathways are becoming more and more available. Auxin 
physiologists should use imaging techniques to measure growth in 
ArabidopsiSy and molecular biologists are already beginning to produce 
mutants in classical coleoptile plants like maize, and characterizing their 
growth physiology will allow a deep penetration of the auxin-signalling 
cascade leading to growth. The number of promising target genes is 
constantly rising in Arabidopsis (for an overview, see Leyser 1997). There 
is a very interesting auxin- insensitive mutant diageotropica (dgt) in to- 
mato, whose molecular biology has not yet been fully elucidated (Zobel 
1973; Hicks et al. 1989; Muday et al. 1995; C. Coenen et al., unpubl.). 
Genes coding for auxin transporters, for putative auxin receptors or for 
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potassium channels have been identified. Is the solution of Burstrdm's 
problem perhaps next door? Caution is needed: ever since auxin was 
identified, the hopes for a rapid explanation of its mechanisms of action 
ran high; but chances are excellent that this time the never-ending story 
will come to an end. 

Note Added in Proof. After submission of the manuscript for the present 
review, Ichikawa et al. retracted the data presented in their publication. 
There is no longer any evidence for the involvement of cAMP in auxin 
singnalling. 
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Secondary Plant Substances: Sesquiterpenes 

By Horst-Robert Schiitte 



1 Introduction 

The sesquiterpenes are the Cjg representatives of the terpenoid family of 
the natural products and they diverge from higher isoprenoid biosyn- 
thesis at the level of farnesyl pyrophosphate (Ruzicka 1953). Sesquiter- 
penes comprise one of the largest and most diverse families of natural 
products, and they are produced by both lower plants such as fungi and 
other microorganisms and by higher plants, in which they are best 
known as a component of the essential oils. Most of the nearly 200 
skeletal families of sesquiterpenes derived via cyclization of the ubiqui- 
tous Cjg isoprenoid intermediate farnesyl pyrophosphate (Fig. 1; Glasby 
1982; Conolly and Hill 1992; Buckingham 1994; Gijsen et al. 1995; Gon- 
zalez and Barrera 1995). The chemistry and biochemistry of sesquiter- 
penoids are periodically reviewed (Finder 1977; Cane 1981, 1990; Beale 
1990a, b, 1991; Fraga 1991, 1995, 1997; Chappell 1995; Dewick 1995, 1997; 
McGarvey and Croteau 1995). 

The biosynthesis of cyclic sesquiterpenoids is catalyzed by cyclases. 
Each individual cyclase is capable of converting the universal acyclic 
precursor farnesyl diphosphate to a distinct sesquiterpene. A unified 
model for these complex transformations based on a common mecha- 
nism involving ionization of the allylic pyrophosphate ester followed by 
a precise sequence of intramolecular electrophilic addition reactions is 
established. A major determinant which controls molecular diversity in 
product structure and stereochemistry is believed to be the precise 
folding of farnesyl pyrophosphate substrate at the cyclase active site 
(Hendrickson 1959; Arigoni 1975; Cane 1985, 1989). Little is known 
about the active site of any cyclase or the manner in which a sesquiter- 
pene synthase imposes a particular conformation on its highly lipophilic 
substrate, precisely controls the resulting cascade of electrophilic cycli- 
zations and carbon skeletal rearrangements, and ultimatively quenches 
the positive charge. The sesquiterpenoids show numerous biological 
activities (Harborne and Tomas-Barberan 1991; Harborne 1993, 1995). 
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Fig. 1. Different representatives of sesquiterpenoids and their hypothetical formation 



Within the sesquiterpenoids, the sesquiterpenoid lactones are a spe- 
cial group (Fig. 2; Fischer et al. 1979; Seaman 1982; Fischer 1991). The 
majority of these compounds were isolated from the Asteraceae 
(Compositae) family. The lactones are most commonly located in the 
glandular hairs (trichomes) on leaves and stems of a plant (Rodriguez et 
al. 1984; Spring and Bienert 1987). The highly bitter wormwood 
(Artemisia absintha L.) and Cnicus benedictus L. have been used for 
centuries in folk medicine. Both plants are still cultivated for use as bit- 
ters in the food industry and in pharmacy. Cnicus benedictus with its 
potent bitter lactone cnicin is the ingredient in bitter liqueurs. The char- 
acteristic functionality of the majority of sesquiterpenoid lactones is the 
a-methylene-y-lactone group (Fig. 2). Many lactones also contain a,p- 
unsaturated carbonyls as well as epoxides. These functional groups rep- 
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Fig. 2. Different representatives of sesquiterpenoids lactones of the Asteraceae and their 
biogenetic relationships 



resent reactive receptor sites for biological nucleophiles, in particular, 
thiol and amino groups. Therefore, sesquiterpenoid lactones can cause 
irreversible alkylations of essential thiol and amino functions of certain 
enzymes. Consequently, a wide spectrum of biological activities of such 
lactones has been reported (Rodriguez et al. 1976; Pieman 1984, 1986). 



2 Farnesyl Pyrophosphate Synthase 

Farnesyl pyrophosphate is formed by the sequential head-to-tail con- 
densation of dimethylallyl pyrophosphate with two equivalents of 
isopentenyl pyrophosphate (Poulter and Rilling 1981; Fig. 3). The reac- 
tion has been shown to involve the electrophilic addition of C-1 of di- 
methylallyl pyrophosphate to C-4 of the cosubstrate, isopentenyl pyro- 
phosphate, thereby generating the homologue, geranyl pyrophos- 
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phate, which itself undergoes condensation with a second equivalent of 
isopentenyl pyrosphosphate to yield farnesyl pyrophosphate. These two 
steps are catalyzed by the same enzyme, farnesyl pyrophosphate syn- 
thase, which is a key enzyme in isoprenoid biosynthesis (Dorsay et al. 
1966). The enzyme has been isolated from different sources (Cordell 
1976). The full stereochemical details of the farnesyl pyrophosphate 
synthase reaction were established in the course of the classical studies 
of the biosynthesis of cholesterol. 

In contrast to sesquiterpenes synthases, which are confined primarily 
to plants, fungi, and a limited number of streptomycetes, the farnesyl 
pyrophosphate synthase appears to occur in all living systems. The en- 
zyme has been purified to homogeneity from several eukaryotic sources, 
including Saccharomyces cerevisiae (Eberhardt and Rilling 1975), avian 
liver (Reed and Rilling 1975), porcine liver (Yeh and Rilling 1977; Bar- 
nard et al. 1978), and human liver (Barnard and Popjak 1980, 1981). In 
all these organisms, the enzyme is a dimer of 80-84 kDa. The more ex- 
tensively studied avian liver enzyme has two identical subunits, a motif 
that is apparently conserved in the enzyme from other eukaryotes. Each 
subunit has a single catalytic site that catalyzes condensation of isopen- 
tenyl pyrophosphate with both dimethylallyl pyrophosphate and geranyl 
pyrophosphate. The farnesyl pyrophosphate synthase from Capsicum 
fruits was purified (Hugueney and Camara 1990). The enzyme has a 
molecular mass of 89 ± 5 kDa resulting from the association of two ap- 
parently identical subunits having a molecular mass of 43 ± 2 kDa. Cap- 
sicum farnesyl pyrophosphate synthase is strictly located in the extra- 
plastidial compartment. 

The farnesyl pyrophosphate synthase gene has been cloned and se- 
quenced (Ashby and Edwards 1989; Sheares et al. 1989). The structural 
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gene for farnesyl pyrophosphate synthase was isolated on a 4,5-kb EcoRI 
genomic restriction fragment from the yeast Saccharomyces cerevisiae 
(Anderson et al. 1989). The clone encodes a 40 483-Da polypeptide of 
342 amino acids with a high degree of similarity to the protein encoded 
by a putative rat liver clone of farnesyl pyrophosphate synthase (Clarke 
et al. 1987) and to an active site protein fragment from avian liver farne- 
syl pyrophosphate synthase (Brems et al. 1981). When cloned into the 
yeast shuttle vector YRpl7, the 4,5-kb EcoRI fragment directed a two-to 
threefold overexpression of farnesyl pyrophosphate synthetase activity 
in transformed yeast cells. 

Comparison of the amino acid sequences of a number of prenyltrans- 
ferases revealed the presence of three conserved regions. Two of these 
regions have been referred to as domains I and II and are characterized 
by an aspartate- rich motif which is flanked by other conserved residues. 
The third region of homology is similar to an active site peptide of avian 
farnesyl pyrophosphate synthase (Brems and Rilling 1979). It was hy- 
pothesized that the conserved regions I and II might be involved in sub- 
strate binding. Two of the conserved aspartate residues in domain II of 
rat farnesyl pyrophosphate synthase were separately changed to gluta- 
mate residues (Marrero et al. 1992). The results suggested that the first 
aspartate in domain II was involved in the catalytic reactions of the en- 
zyme. The conserved aspartates or arginines in domain I and II of rat 
farnesyl pyrophosphate synthase were individually mutated to glutamate 
or lysine, respectively (Joly and Edwards 1993; Song and Poulter 1994). 

Each mutant enzyme was overexpressed in E. coli and purified to ap- 
parent homogeneity. The mutagenesis resulted in a decreased of 
appoximately 1000-fold compared to wild type. The results strongly sug- 
gest that these amino acids are involved in either the condensation of 
isopentenyl pyrophosphate and geranyl pyrophosphate to form farnesyl 
pyrophosphate and/or the release of the farnesyl pyrophosphate product 
from farnesyl pyrophosphate synthase. A mutant gene was isolated from 
a Saccharomyces cerevisiae strain defective in farnesyl pyrophosphate 
formation resulting in a Lys-197 Glu substitution (Blanchard and 
Karst 1993). 

The structural gene for the thermostable farnesyl pyrophosphate 
synthase from Bacillus stearothermophilus was cloned, sequenced, and 
overexpressed in Escherichia coli cells (Koyama et al. 1993b, 1994a). A 
1260-nucleotide sequence of the cloned fragment was detected. This 
sequence specifies an open reading frame of 891 nucleotides for farnesyl 
pyrophosphates synthase. The deduced amino acid sequence shows a 
42% similarity with that of Escherichia coli farnesyl pyrophosphate syn- 
thase. In contrast to thermolabile prenyltransferases, which have four to 
six cysteine residues, the thermostable farnesyl pyrophosphate synthase 
carried only two cysteine residues. Neither of the cysteines is essential 
for catalytic function (Koyama et al. 1994b). 
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Site-directed mutations into the gene for farnesyl pyrophosphate 
synthase of Bacillus stearothermophilus showed similar catalytic activi- 
ties of the corresponding enzymes to that of the wild type (Koyama et al. 
1993a), Two conserved lys residues in regions I and II contribute to the 
binding of isopentenyl pyrophosphate and the first and second asp resi- 
dues in region VI are involved in catalytic function (Koyama et al. 1996). 
The Phe-gln motif is involved not only in the binding of allylic substrates 
but also in the catalysis by farnesyl pyrophosphate synthase (Koyama et 
al. 1995). The crystal structure of avian recombinant farnesyl pyrophos- 
phate synthase has been detected to 2.6- A resolution (Tarshis et al. 
1994). The enzyme exhibits a novel fold composed entirely of a-helixes 
joined by connecting loops. 



3 Aristolochene 



Aristolochene (5) is an eremophilane-type sesquiterpenoid that is pro- 
duced by a variety of organisms. The (-)-enantiomer has been identified 
from the plant Aristolochia indica (Govindachari et al. 1970; Lawrence 
and Hogg 1973), but also from insect sources (Baker et al. 1981), whereas 
the (+)-enantiomer has been identified in extracts from the fungus As- 
pergillus terreus (Cane et al. 1987). Aristolochene is also the likely parent 
compound for a number of sesquiterpenoid toxins produced by filamen- 
tous fungi (Sugawara et al. 1985). A family of sesquiterpenoids, which 
appear to be derived from aristolochene, is produced by the blue cheese 
mold, Penicillium roqueforti (Gorst-Allmann and Steyn 1982). 

Aristolochene synthase catalyzes the cyclization of farnesyl pyro- 
phosphate (1) to (+)-aristolochene (5) (Fig. 4). The enzyme is investi- 
gated in Aspergillus terreus as well as in Penecillium roqueforti (Cane et 
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al. 1989a, 1990c; Hohn and Plattner 1989a). The cyclization of farnesyl 
pyrophosphate (1) to aristolochene (5) is proceeding with inversion of 
configuration at C-1 of farnesyl pyrophosphate. Support has been pro- 
vided for a cyclization mechanism in which ionization of the pyrophos- 
phate moiety is followed by electrophilic attack at C-10 of the distal 
double bond. Loss of a proton from the C-12 (cis) methyl group of the 
germacradienyl cation (2) is believed to generate the known sesquiter- 
pene hydrocarbon germacrene A (3). The latter intermediate is not re- 
leased from the active site, but instead undergoes reprotonation at C-7 
and further cyclization by attack of the resultant cation on the 3,4- 
double bond, followed by rearrangement of the transiently generated 
bicyclic eudesmane cation (4), which itself is converted to aristolochene 

(5) by successive hydride shift, methyl migration, and deprotonation. 

The displacement of pyrophosphate and formation of the new C-C 

bond takes place with net inversion and the proton which is lost from 
C-9 of the bicyclic eudesmane cation (4) originates from C-8 of farnesyl 
pyrophosphate. When the anomalous substrate 6,7-dihydrofarnesyl py- 
rophosphate is incubated with aristolochene synthase from Aspergillus 
terreus, the resultant dihydrogermacrene cannot be further cyclized and 
is released from the active site (Cane and Tsantrizos 1996). 

Two distinct aristolochene synthases have been isolated from two 
fungal sources. The Aspergillus terreus enzyme has been partially puri- 
fied some 500-fold and is a monomer with a molecular weight of 58 kDa. 
By contrast, the enzyme from Penicillium roquefortiy which has been 
purified to homogenetiy, has a subunit molecular weight of 37 kDa and 
apparently is a monomer in the native state. Antibodies raised to the 
P. roqueforti protein do not cross-react with the crude A. terreus en- 
zyme. Partial amino acid sequence information has been used to clone 
the aristolochene synthase gene (Ari 1) from P. roqueforti (Proctor and 
Hohn 1993). Cloning of the resulting construct into E. coli gave trans- 
formants which expressed aristolochene synthase at levels up to 40% of 
soluble protein. Purification of the recombinant protein gave homoge- 
nous aristolochene synthase with similar properties when compared to 
native fungal protein (Cane et al. 1993b). The 12-methylidene analogue 

(6) of farnesyl pyrophosphate has proved to be an effective mechanism- 
based inhibitor of aristolochene synthase (Cane and Bryant 1994). 

5-epi-Aristolochene (11) is produced in tobacco {Nicotiana tabacum) 
and pepper {Capsicum annuum) as part of a sequence to sesquiterpene 
phytoalexins such as capsidiol (9) and debneyol (14), when the plant 
tissues are challenged by fungi or other elicitors (Grofi 1977; Stoessl 
1980; Watson et al. 1985; Threlfall and Whitehead 1988b, 1991; White- 
head and Threlfall 1992). The elicitor-inducible 5-epi-aristolochene cy- 
clase was purified from Nicotiana tabacum and resolved as two major 
polypeptides of 60 and 62 kDa (Vogeli et al. 1990). Capsidiol (9) was first 
isolated from Capsicum annuum and later from both Datura stramo- 
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nium and Nicotiana tabacum (Ward et al. 1973; Birnbaum et al. 1974; 
Bailey et al. 1975; Stoessl et al. 1976a, 1977; Guedes et al. 1982; Watson 
and Brooks 1984; Brooks et al. 1986). Debneyol (14) was isolated from 
Nicotiana tabacum along with the closely related compounds cyclodeb- 
neyol (12), 7-epi-debneyol, 1-hydroxydebneyol and 8-hydroxydebneyol 
(13) (Burden et al. 1985, 1986; Whitehead et al. 1988). 

Tobacco cell suspension cultures produce large amounts of extracellu- 
lar sesquiterpenoids upon addition of fungal elicitors to the cell cultures 
(Chappell et al. 1987). The major sesquiterpenoid produced was cap- 
sidiol (9). The elicitor-induced sesquiterpenoids were de novo synthe- 
sized and preceded by a transient activation of 3-hydroxy-3-methyl- 
glutaryl coenzyme A reductase, a suspected key enzyme of isoprenoid 
metabolism (Chappell and Nable 1987; Chappell et al. 1991). The induc- 
tion of the sesquiterpene cyclase in elicitor-treated cell cultures is 
primerly regulated by transcriptional control of the cyclase gene (Vogeli 
and Chappell 1990). Mevinolin, a potent in vitro inhibitor of the tobacco 
3-hydroxy-3-methylglutaryl coenzyme A reductase enzyme activity in- 
hibited the elicitor-induced capsidiol accumulation (Vogeli and Chap- 
pell 1991). 

The rapid synthesis and secretion of large amounts of antibiotic ses- 
quiterpenoids such as capsidiol (9) was paralleled by a rapid and large 
decline in the incorporation rate of radioactivity into sterols. It is sug- 
gested that the channelling of isoprenoid intermediates, and especially 
farnesyl pyrophosphate, into sesquiterpenoids occurred by a coordi- 
nated increase in the sesquiterpene cyclase and a decrease in the 
squalene synthase enzyme activities (Threlfall and Whitehead 1988a; 
Vogeli and Chappell 1988; Chappell et al. 1989; Zook and Kuc 1991; 
Hanley et al. 1992). 

It is proposed that the hydrocarbon 4-epi-eremophila-9, 11 -diene (5- 
epi-aristolochene) (11) is a common intermediate in the biosynthesis of 
all the compounds, and further that 8-hydoxy-debneyol (13) is the direct 
precursor of the phytoalexin cyclodebneyol (12) (Fig. 5). 5-epi-Aristo- 
lochene (11) is a good precursor of capsidiol (9) at a rate of 42% in ara- 
chidonic acid-treated green pepper seedlings (Yoshizawa et al. 1994). 5- 
epi-Aristolochene 3-hydroxylase is one of the key enzymes of the path- 
way leading to capsidiol (9) (Hoshino et al. 1995). The enzyme was 
found in microsomes of elicitor-treated green pepper fruits with a mo- 
lecular mass of 59 kDa and it is a P450-dependent system, requiring 
and NADPH as cofactors. 

Elicitation induced the production of P450 isoforms. Ancymidol and 
ketoconazole, which are P450 inhibitors, have been found to suppress 
phytoalexin accumulation in green pepper cell cultures (Hoshino et al. 
1994). 5-epi-Aristolochene (11) is accumulated when the formation of 
capsidiol (9) and debneyol (14) from farnesyl pyrophosphate in cell-free 
preparations of cells from cellulase- elicited cell suspension culture of 
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Fig. 5. Suggested biosynthetic relationships between eremophilenes from Nicotiana taha- 
cum 



Nicotiana tabacum is inhibited by the omission of NADPH or the exclu- 
sion of molecular oxygen from the incubation mixture (Whitehead et al. 
1989). 5-epi-Aristolochene (11) has been shown to be a common precur- 
sor of the two sesquiterpenoid phytoalexins capsidiol (9) and debneyol 
(14) which accumulate in the elicited cultures. 

The biosynthesis of capsidiol (9) seems to be regulated, in part, by the 
activity of the first of the two hydroxylases which catalyze its formation 
from this hydrocarbon and that this 3-hydroxylase is induced during the 
elicitation process. On the other hand, 5-epi-aristolochene, (11) was 
synthesized from capsidiol (9) via 1-deoxycapsidiol (10) (Whitehead et 
al. 1990a). Capsidiol (9) is oxydized to the ketone capsenone (8) by Bo- 
trytis cinerea and Fusarium oxysporum (Ward and Stoessl 1972; Stoessl 
et al. 1973). Capsenone (8) was less fungitoxic than capsidiol and its 
formation may be a detoxification mechanism of importance in over- 
coming host resistance. cis-9,10-Dihydrocapsenone could be found as an 
intermediate on the route by which capsidiol is catabolized in pepper 
cultures (Whitehead et al. 1987). 

In tobacco, the 5-epi-aristolochene synthase appears to be encoded by 
a complex gene family. A full-length cDNA sequence has been cloned 
into E. coli to allow production of the enzyme at a level of 5-8% of total 
soluble protein (Facchini and Chappell 1992; Back et al. 1994). Enzymic 
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reaction products from the recombinant protein were identical to those 
from the native enzyme. 

Alternative modifications of the eudesmane cation (4) can lead to 
vetispiradiene (7) and related compounds. The vetispiran lubimin (18) is 
one of the most common of the many sesquiterpenoid phytoalexins iso- 
lated from members of the Solanaceae (Brindle et al. 1983, 1988). It is 
accumulated in infected tubers of Solarium tuberosum (Katsui et al. 
1978; Stoessl and Stothers 1980), in infected fruits of Solarium melon- 
gena and Datura stramonium (Birnbaum et al. 1976, Ward et al. 1976), 
and in cellulase-treated fruits of Cyphomandra betaceae. In infected 
tubers of S, tuberosum, the nor-eudesmane rishitin (16) is also produced, 
often along with the vetispiranes 3-hydoxylubimin (17), 15-dihydrolubi- 
min (21), isolubimin (22) and solavetivone (15), and the seco- 
eudesmane phytuberin. In fruit cavities of D. stramonium inoculated 
with Sclerotinia fructicola, lubimin (18) accumulates along with 3- 
hydroxylubimin (17), 2,3-dihydroxygermacrene, and capsidiol (9). 

A biosynthetic pathway is proposed from farnesyl pyrophosphate (1), 
germacrene A (3), and solavetivone (15) to rishitin (16) via 15-hydroxy- 
solavetivone, 15-dihydrolubimin (21), lubimin (18), and 3-hydroxylubi- 
min (17) involving a 1,2-hydride shift of the eudesmane intermediate 
shown for capsidiol (9), lubimin (18), 3-hydroxylubimin (17), and 
rishitin (Fig. 6; Kalan and Osman 1976; Sato et al. 1978; Stoessl et al. 
1978; Stoessl and Stothers 1982, 1983). On the other hand, lubimin (18) 
is metabolized to 15-dihydrolubimin (21) by some fungi and labeled 15- 
dihydrolubimin yielded labeled isolubimin (22) in healthy potato tissue 
in absence of fungi (Ward and Stoessl 1977; Stoessl and Stothers 1981). 
Lubimin (18), 3-hydroxylubimin (17), rishitin (16), and phytuberin are 
isolated as metabolites of potatoes which had been inoculated with 
Monilinia fructicola (Stoessl et al. 1976b; Coolbear and Threllfall 1985). 

The metabolism of capsidiol (9) and rishitin (16) to their 13- 
hydroxyderivatives could be established by tissue cultures of sweet pep- 
per and potato (Ward et al. 1977). The treatment of root cultures of Da- 
tura stramonium with copper and cadmium salts has been found to in- 
duce the rapid accumulation of high levels of sesquiterpenoid defensive 
compounds, notably lubimin (18) and 3-hydroxylubimin (17) (Furze et 
al. 1991). 2-Dehydrolubimin (19) was rapidly and efficiently incorpo- 
rated into lubimin (18) and may be the direct precursor of lubimin in 
plants (Whitehead et al. 1990b). 3-Hydroxylubimin (17) was incorpo- 
rated into rishitin (16). A likely pathway for lubimin detoxification in 
some strains of the potato pathogener Gibberella pulicaris (Fusarium 
sambucinum) involves cyclization of isolubimin (22) to cyclodehydroi- 
solubimin (23) (Desjardins et al. 1989). 

Vetispiradiene synthase from Hyoscyamus muticus is encoded by a 
gene family of some six to eight genes (Back and Chappell 1995). 
Genomic and cDNA clones have been isolated from cell cultures treated 
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Fig. 6. Biosynthesis and metabolism of lubimin and related compounds 

with a fungal elicitor preparation, and bacterial expression of three of 
these showed that they all coded for enzymes giving the same single re- 
action product. The deduced amino acid sequence was 77% identical to 
that of 5-epi-aristolochene synthase from tobacco. 

4 Selinen and Ovalicin 

A sesquiterpene cyclase enzyme catalyzing the formation of p-selinene 
(24) from farnesyl pyrophosphate (1) has been partially purified from 
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fruits of calamondin (Citrofortunella mitis) (Fig. 7) (Belingheri et al. 
1992). A fraction enriched in endoplasmatic reticulum was able to syn- 
thesize p~selinene (24) and germacrene D, the main hydrocarbons 
present in the oil of calamondin fruits (Belingheri et al. 1988). 

p-trans-Bergamotene (25) is the parent hydrocarbon in the biosyn- 
thesis of ovalicin (26) in Pseudeurotium ovalis in which farnesyl pyro- 
phosphate is converted to p-bergamotene by cyclization of an interme- 
diate bisabolyl cation (25a) (Fig. 8; Cane and King 1976; Cane and 
Mcllwaine 1987; Cane et al. 1989b, 1990a). The cyclization to the six- 
membered ring occurs with net retention of configuration at C-1 of far- 
nesyl pyrophosphate (1). 



5 Cadinane-Type Sesquiterpenoids 

(H-)-Epicubenol (29) is a sesquiterpene alcohol belonging to the cadinane 
family which has been isolated from a variety of soil organisms, includ- 
ing Streptomyces sp. (Gerber 1971). The enantiomeric (-)-epicubenol has 
also been isolated from cubeb oil as well as from extracts of several other 
plants (Tomita and Hirose 1972). 

The results of extensive experiments carried out with intact plants 
and microorganisms have proposed a stereochemical model for the bio- 
synthesis of a group of biogenetically related cadinane, picrotoxane, and 
sativane sesquiterpenes, based on the cyclization of farnesyl diphosphate 
(1) and the postulated intermediacy of its tertiary allylic isomer ner- 
olidyl diphosphate (27). A cell-free extract of Streptomyces sp.LL-B7 
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catalyzed the cyclization of farnesyl diphosphate (1) to (+)-epicubenol 
(29) (Cane et al. 1993a). The operation of both 1,3- (from C-5 to C-11) 
and 1,2- (from C-10 to C-9) hydride shifts is documented in the forma- 
tion of (H-)-epicubenol (29) Cane and Tandon 1994, 1995). The migrating 
hydride from C-1 of farnesyl diphosphate (1) was the 1-pro-S hydrogen, 
the 1-pro-R hydrogen is residing at C-5 in epicubenol (29). The 
epicubenol synthase is specific for (3R)-nerolidyl diphosphate (27). The 
intermediacy of nerolidyl diphosphate (27) is consistent with the dem- 
onstrated stereochemistry of the isomerization steps catalyzed by the 
sesquiterpene cyclase trichodiene synthase (Cane et al. 1985) and the 
mechanistically related farnesyl pyrophosphate (1) - nerolidyl pyro- 
phosphate (27) isomerase (Cane et al. 1981). Attack of the ionized ner- 
olidyl pyrophosphate (27) by the C-lO-C-11 double bond will be on the 
re face, to generate the c/s-germacryl cation (28). A second electrophilic 
cyclization gives the cadinyl cation (30), and finally capture of hydroxy 
group from water to (+)-epicubenol (29) is in a syn sense with respect to 
the migrating hydride (Fig. 9). 

2,7-Dihydroxycadalene (31) and related compounds are sesquiterpe- 
noid compounds produced in leaves and cotyledons of upland cotton 
{Gossypium hirsutum L.) during the hypersensitive response to incom- 
patible races of the bacterial pathogen Xanthomonas campestris 
(Essenberg et al. 1985, 1990; Pierce and Essenberg 1987). It has been 
shown a cell-free assay of cyclase activity with farnesyl pyrophosphate 
(1) as substrate and the identification of the product of the cotton cy- 
clase activity as (+)-8-cadinene (32) (Davis et al. 1991). (+)-5-Cadinene 
(32) is an early enzymatic intermediate in the biosynthesis of the ses- 
quiterpenoid phytoalexins by upland cotton such as 2,7-dihydroxycada- 
lene (31), hemigossypol (33), and gossypol (35) (Fig. 9; Davis and Essen- 
berg 1995). The enzymatic formation of 5-cadinene (32) from farnesyl 
pyrophosphate (1) is also established in extracts of cotton stems infected 
with Verticillium dahliae, which induces the formation of the sesquiter- 
penoid phytoalexins desoxyhemigossypol and hemigossypol (33) 
(Benedict et al. 1995). 

The sesquiterpene cyclase whose activity is induced in a glandless, 
bacterial blight-resistant line of cotton {Gossypium hirsutum L.) was 
purified (Davis et al. 1996). It has a molecular weight of 64-65 kDa. 
Amino acid sequences of three tryptic peptides from the enzyme are 
similar to known sequences in other terpene cyclases from plants. Chal- 
lenging cell suspension cultures of Gossypium arboreum with a prepara- 
tion from Verticillium dahliae initiates production of gossypol (35), and 
this is accompanied by increased mRNA levels. This has led to the isola- 
tion of two cDNA clones, and the encoded proteins from these showed a 
significant degree of sequence identity with known plant terpene cy- 
clases (Chen et al. 1995). 
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Cadinane-type sesquiterpenes were also found in the liverwort Het- 
eroscyphus planus^ such as 7-hydroxycalamenene (36) and 7-methoxy- 
1,2-dihydrocadalene (37) (Nabeta et al. 1993). Studies on the biosynthe- 
sis of the rare sesquiterpene, 7-methoxy-l,2-dihydrocadalene (37), in 
cell cultures of Heteroscyphus planus have shown the presence of a 1,3- 
hydride shift in the formation of the cadinyl cation, then a 1,2-hydride 
shift prior to aromatization to calamenene (34). The hydroxylation of 
calamenene must occur without any NIH shift (Fig. 9; Nabeta et al. 
1994a, b). The formation of (H-)-epicubenol (29) and (+)-cubenene in 
cell-free extracts from H. planus has also been reported (Nabeta et al. 
1995). 



6 Pentalenene 

Pentalenene (43) isolated from Streptomyces UC 5319 is the parent hy- 
drocarbon of the pentalenolactone family of antibiotic metabolites 
(Cane and Rossi 1979). Pentalenene (43) and pentalenolactone (42) are 
biosynthesized via the mevalonoid pathway (Cane et al. 1979, 1981, 
1991). Studies on the biosynthesis of pentalenene and pentalenolactone 
using a cell-free extract from Streptomyces UC 5319 have shown that the 
9-pro-R proton becomes H-8 of pentalenene (43), whilst the 9-pro-S 
proton undergoes an intramolecular transfer to become H-1 in the final 
product (Fig. 10; Cane and Tillman 1983; Cane et al. 1990b). 

Pentalenene synthase is purified from Streptomyces UC 5319. It is a 
soluble, monomeric enzyme of 42.5 kDa (Cane and Pargellis 1987). A 
divalent metal cation, either Mg^^ or Mn^^, is the only cofactor required. 
The experiment supports a mechanism in which farnesyl pyrophosphate 
(1) is initially cyclized to humulene (39), which undergoes further cycli- 
zation initiated by reprotonation at C-10 (Cane et al. 1984, 1988; Harri- 
son et al. 1988; Cane and Weiner 1994). 

Consistent with this mechanistic and stereochemical model is the 
demonstration that cyclization of farnesyl pyrophosphate (1) takes place 
with net inversion of configuration at C-1. Electrophilic attack on the si 
face of the C-10, 11 double bond is followed by removal of the H-9si 
proton. The proton that is removed does not undergo exchange with the 
medium, but is redonated to the re face of the C-9, 10 double bond of the 
intermediate humulene (39), leading to formation of the protoilludyl 
cation (40). Following a 1,2-hydride shift, the resultant cation attacks the 
remaining double bond, leading after loss of one of the original H-8 
protons of farnesyl pyrophosphate (1), to formation of pentalenene (43). 
For cyclization of farnesyl pyrophosphate at the distal C-lO-C-11 double 



Fig. 9. Biosynthesis of epicubenol and cadinyl compounds 
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Fig. 10. Biosynthesis of pentalenene and related compounds 



bond to form the 11-membered humulyl system (38) there is no stereo- 
chemical requirement for isomerization to precede cyclization. 

Pentalenene synthase from Streptomyces has been purified, cloned, 
and sequenced (Cane et al. 1994). Expression of the gene in E. coli has 
allowed production of a recombinant protein with properties identical to 
those of the native enzyme. Both enzymes have molecular weights of 41- 
42 kDa. The recombinant protein has also been crystallized and studied 
by X-ray diffraction analysis (Lesburg et al. 1995). 

The separation and partial purification of cyclases from Salvia ojfici- 
nalis are described which catalyze the formation of the olefins humulene 
(39) and caryophyllene (41) (Croteau and Gundy 1984; Dehal and Cro- 
teau 1988). Experiments with cell-free extracts indicated that these two 
olefins were formed by different enzymes, which were shown to have 
similar physical and kinetic parameters. 

In the further metabolism of pentalenene (43), hydroxylation of C-1 
yielding pentalenic acid (44) occurred with retention of configuration, 
but, surprisingly, pentalenic acid is ruled out as an intermediate on the 
pathway to pentalenolactone (42). The rearrangement involving a 
methyl migration from C-2 to C-1 takes place with stereospecific loss of 
the 3-pro-R hydrogen, anti to the migrating methy group (Fig. 10). 
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Systematics and Evolution of the Algae: 
Phylogenetic Relationships of Taxa 
Within the Different Groups of Algae 

By Hans R. Preisig 



1 General Aspects 

This report deals with progress which has been made in recent years 
(1990-1996 and part of 1997) in the area of systematics and evolution of 
algae (excluding cyanobacteria). More than 3000 publications referring 
to algal systematics appeared in this period, but less than 300 can be 
cited here. Special reference is given to the phylogenetic relationships 
within the different groups of algae and the taxonomic implications, 
whereas results of studies on endocytobioses and evolution of major 
algal lineages are treated only very briefly. Readers interested in more 
detailed information on the latter areas are referred to a recent report by 
M. Melkonian (Prog. Bot. 57:281-311). As in other fields of biology, mo- 
lecular studies also had a great impact on algal systematics in the past 
years (for methods used, see Melkonian's report). Together with new 
information obtained from other approaches (e.g., investigations on 
ultrastructure, life history studies, cladistic methods of character analy- 
sis, etc.), this has resulted in many unexpected new insights into phylo- 
genetic relationships of taxa at all levels. All these tools are powerful in 
the information each can separately generate in the course of evolution- 
ary investigations, and all are even more powerful when combined. Rec- 
ognitions of several new taxa of higher rank have been achieved in the 
past years (e.g., the classes Pelagophyceae and Trebouxiophyceae) and 
relationships between various groups have been clarified to some de- 
gree. However, the new findings cause many taxonomic problems, espe- 
cially in groups where morphological convergence in not closely related 
lineages obviously occurs (e.g., in coccoid green algae). Phylogenetic 
classification should certainly reflect the evolutionary history, i.e., it 
requires recognition of monophyletic groups. To achieve this will need a 
considerable effort from a nomenclatural point of view, but in the long 
term this will be most useful. Before undertaking such a task, however, it 
is certainly necessary to further explore the complementarity of phy- 
logeny and morphology. The revolution and renaissance in algal sys- 
tematics are well underway, and the promise for future directions is 
manifest. 
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a) Books and General Reviews 

Only publications not yet mentioned in Melkonian’s report are cited 
here (for textbooks and reviews on specific groups of algae, see also the 
following sections on these groups). An excellent new phycology text- 
book is presented by Van den Hoek et al. (1995; i.e., a translated and 
extended version of the German edition of 1993). An interesting book on 
the phylogeny of algae and their plastids, edited by Bhattacharya (1997), 
outlines the current knowledge and covers all major algal groups (for 
shorter reviews of phylogeny and evolution of the algae, see also Mel- 
konian et al. 1995; Melkonian 1996). Books on algal ecology include Ste- 
venson et al. (1996), who give special reference to benthic algae in fresh- 
water habitats, and Vymazal (1995), who provides an introduction to 
algae of wetlands, dealing especially with the requirements and cycling 
of elements. Terrestrial algae (including algae of lichens) are treated 
extensively (with keys for their identification) by Ettl and Gartner 
(1995). Yamagishi and Akiyama (1990-1997) continued their useful se- 
ries on Photomicrographs of the Freshwater Algae, and Hori (1993) pub- 
lished three volumes with illustrations on algal life histories. Biogeogra- 
phy of freshwater algae is outlined in a book edited by Kristiansen 
(1996). Review articles of general interest include Norton et al. (1996) on 
algal biodiversity; and John and Maggs (1997) on species concepts in 
algae. 

Aspects of applied phycology are covered in a book entitled Algae, 
Environment and Human Affairs (Wiessner et al. 1995) and much in- 
formation on harmful and toxic algae is compiled in a manual which 
also includes several chapters on taxonomy (Hallegraeff et al. 1995). 
Harmful and toxic algae are also treated extensively in the Proceedings of 
6th and 7th International Conferences on Toxic Phytoplankton (Lassus et 
al. 1995; Yasumoto et al. 1996). 

Several books on seaweeds appeared in the past years, e.g., new vol- 
umes (nos. 3, 4, 5 and 6) of Taxonomy of Economic Seaweeds (Abbott 
1992/1994/1995/1997), the Proceedings of the 15th International Seaweed 
Symposium (Lindstrom and Chapman 1996), and a very useful catalog of 
benthic marine algae of the Indian Ocean (Silva et al. 1996). 



2 Euglenophyta 

Simpson (1997) places the euglenophytes (euglenoids) with three groups 
of related organisms, i.e., (1) the kinetoplastids (e.g., Bodo, Trypano- 
soma), (2) the diplonemids (Diplonema = Isonema, Rhynchopus), and (3) 
the new genus Postgaardi (see Simpson et al. 1997) in a single taxon, the 
Euglenozoa (sensu Cavalier- Smith). This is considered to be an ancient 
group having diverged from the main eukaryotic line shortly after the 
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eukaryotes arose (see, e.g., Cavalier-Smith 1993). From morphological 
and molecular data, Montegut-Felkner and Triemer (1997) suggest that 
euglenoids and kinetoplastids arose from a common ancestor and that 
the phagotrophic euglenoids diverged prior to the photosynthetic forms. 
They also suggest that the phagotrophic euglenoids with a pellicle com- 
posed of longitudinally arranged strips (e.g., Petalomonas) diverged 
prior to those genera with helically arranged pellicular strips (e.g., Per- 
anema). 

Since a feeding apparatus has been demonstrated in all phagotrophic 
genera in which ultrastructural studies have been carried out, it appears 
no longer justified to distinguish the orders Sphenomonadales and Het- 
eronematales (sensu Leedale) depending on the absence or the presence 
of a special ingestion organelle, and both orders are proposed to be 
united into one order (Dawson and Walne 1994). There are problems in 
establishing clear generic boundaries in certain areas because of almost 
continuous variation among genera such as Anisonema-Dinema-Ento- 
siphon-Ploeotia or Dinema-Heteronema-Metanema (for a survey of het- 
erotrophic genera, see Larsen and Patterson 1991). This is discussed by 
Larsen and Patterson (1990), who offer operational critera for the as- 
signment of species, accepting that these may define artificial taxa. Len- 
tomonas, a new genus of phagotrophic euglenoids related to PloeotiUy is 
described by Farmer and Triemer (1994). An unusual new genus of a 
quadriflagellate, phototrophic euglenoid, Tetreutreptia, is described 
from waters of Maritime Canada (McLachlan et al. 1994; Triemer and 
Lewandoswki 1994). Apart from flagellar number, Tetreutreptia has 
many features in common with other described phototrophic euglenoids 
(e.g., with species oi Eutreptiella, cf. Tomas 1993). 

Euglenoids are one of several groups of flagellates which are subject 
to the problems relating to ambiregnal nomenclature, i.e., the naming of 
taxa may fall under the jurisdiction of both the zoological (ICZN) and 
botanical (ICBN) codes of nomenclature (Patterson and Larsen 1992). In 
response to these problems, Larsen and Patterson (1990, 1991) found it 
appropriate to introduce a double naming system, since there are in- 
stances where the correct generic name is different under two codes, e.g., 
Dinema (ICZN) = Dinematomonas (ICBN), Entosiphon (ICZN) = Entosi- 
phonomonas (ICBN), Peranema (ICZN) = Pseudoperanema (ICBN). 



3 Dinophyta (Dinoflagellata) 

The relationship of dinoflagellates with ciliates and apicomplexans is 
now well established and it is also clear that plastids of dinoflagellates 
are of very diverse origin (for details the reader is referred to Prog. Bot. 
52:278-279 and 57:303-304. 
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a) Books, Monographs, and Reviews 

Important books on classification of living and fossil dinoflagellates 
(Fensome et al. 1993) and on identification of freshwater and marine 
dinoflagellates (Popovsky and Pfiester 1990; Tomas 1996) have been 
published since 1990. Comprehensive chapters on Recent and fossil 
dinoflagellates, including dinoflagellate cysts, are included in the Paly- 
nonogy volumes of Jansonius and McGregor (1996). Toxic dinoflagel- 
lates, including their taxonomy, are treated extensively in the Manual on 
Harmful Marine Microalgae (Hallegraeff et al. 1995). Other publications 
of general interest deal with the diversity of heterotrophic dinoflagellates 
(Larsen and Sournia 1991) and the organization of the flagellar appara- 
tus and cytoskeleton and their use in systematics (Roberts 1991). 



b) Taxonomy (Including Information on Life History) 

Traditional classification of dinoflagellates is so far based primarily on 
the structure of their cell wall (= amphiesma), but new molecular data 
are challenging because they bring into question the established models 
of dinoflagellate evolution (see below and Saunders et al. 1997c). Oxy- 
rrhiSy a genus which has been included in the dinoflagellates in the past, 
is positioned in all of the recent evolutionary models that consider this 
genus as an early divergence, sister to the Dinophyta/Dinoflagellata. 
Fensome et al. (1993), for instance, consider Oxyrrhis to be a pre- 
dinoflagellate, closer to the divergence of the ciliates. In their system of 
classification of "true" dinoflagellates, they recognize four classes. The 
first class, Syndiniophyceae (which are nonphotosynthetic marine flagel- 
lates parasitic in or on protists, invertebrates, and fish eggs), are consid- 
ered to be an early divergence from the dinoflagellate line and sister to 
the "Dinokaryota" (including the three classes Blastodiniphyceae, Nocti- 
luciphyceae, and Dinophyceae). 



c) Syndiniophyceae 

New publications on members of this class are contributed by Fritz and 
Nass (1992) on Amoebophrya ceratiU a parasite within host dinoflagel- 
lates such as Dinophysis norvegica and Scrippsiella cf. trochoidea, and by 
Field et al. (1992) on a lobster parasite possibly related to Hematodinium 
perezii. 
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d) Blastodiniphyceae 

New information on parasitic dinoflagellates related to this group are 
presented by Landsberg et al. (1994) and Buckland-Nicks and Reimchen 
(1995). 



e) Noctiluciphyceae 

Schnepf and Drebes (1993) give evidence that several previously de- 
scribed elements of the sexual life cycle of Noctiluca are incorrect, e.g., 
they consider Noctiluca to be anisogamous (not isogamous). They also 
disagree that Noctiluca is a diplont with meiosis occurring during the 
formation of the swarmers. Hohfeld and Melkonian (1995) make a de- 
tailed study of the flagellar apparatus of N miliaris and show that the 
swarmers are biflagellate (not uniflagellate as previously assumed). 



f) Dinophyceae 

Steidinger et al. (1996) place dinoflagellates possessing flagellated stages 
in their life cycle that can transform directly into lobose or filose 
amoeba-like cells (which form the dominant stage), in the reinstated 
order Dinamoebales (Fensome et al. unite this order with the Phyto- 
diniales and place it in an uncertain subclass of the Dinophyceae). Stei- 
dinger et al. (1996) describe a new family of Dinamoebales, Pfiesteria- 
ceae, including a new genus and species, Pfiesteria piscicida. This is a 
toxic dinoflagellate with a very unusual behavior and complex life cycle 
including multiple flagellated, amoeboid, and cyst stages. The species 
has been termed an ambush predator (Burkholder et al. 1995) because it 
releases a toxin that kills fish and then it phagocytizes the sloughed tis- 
sue of these dead or moribund fish. It is structurally a heterotrophic 
species, but flagellated stages can have cleptochloroplasts in large food 
vacuoles and can temporarily function as mixotrophs. Species identifi- 
cation is only possible if biflagellated or mastigote armored stages are 
available. The plate tabulation of the amphiesma is unlike that of any 
other armored dinoflagellate. 

Referring to dinoflagellates of the subclasses Gymnodiniphycidae 
(orders Gymnodiniales, Suessiales), Perdiniphycidae (orders Gonyaula- 
cales, Peridiniales), Dinophysiphycidae (order Dinophysiales), and Pro- 
rocentrophycidae (order Prorocentrales) (sensu Fensome et al. 1993), 
many important publications dealing with taxonomy and life history 
have been published since 1990, but only very few can be mentioned 
here. Lepidodinium is a new genus of Gymnodiniaceae, with a green 
chlorophyll a- and &-containing endosymbiont probably related to 
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prasinophytes (Watanabe et al. 1990). A similar endosymbiont was 
found recently in a new species of Gymnodinium, G, chlorophorum 
(Elbrachter and Schnepf 1996; see also Schnepf 1993 for a recent review 
of dinoflagellate endosymbioses). New data on Peridinium balticum and 
P. foliaceum (= Glenodinium foliaceum/Kryptoperidinium foliaceum) 
suggest that these endosymbionts did originate from a photosynthetic 
diatom and not, as previously thought, from a chrysophycean alga 
(Chesnick et al. 1997). 

The genus Alexandrium (Gonyaulacales), some species of which are 
producers of most potent neurotoxin, is reviewed in detail by Balech 
^995). The recent studies on inter- and intraspecific relationships 
among representatives of this genus using molecular genetic methods 
are paradigm examples of the versatility of these methods in providing 
phylogenetic information down to the level of species and strain (e.g., 
Costas et al. 1995; Scholin and Anderson 1996). 

Molecular data (see Saunders et al. 1997c) support the creation of the 
order Gonyaulacales, but this order is shown to be a sister to the Gym- 
nodiniales/Peridiniales/Prorocentrales (GPP) complex and most likely 
should not be considered an order within the Perdiniphycidae. Amphid- 
inium (classified in the Gymnodiniales by Fensome et al.) does not 
combine with other members of this order, but emerges early as a sepa- 
rate lineage. Taxonomy of Amphidinium should thus be reevaluated. 
The GPP complex is probably a relatively recent lineage, which is sur- 
prising, since in earlier hypotheses of dinoflagellate evolution the Pro- 
rocentrales (and sometimes also the Gymnodiniales) were often consid- 
ered to be ancestral (cf. Fensome et al. 1993). 

Studies on ’’zooxanthellae" revealed that several dinoflagellate groups 
have entered a symbiotic mode of existence; i.e., there are symbiotic 
species among genera of Suessiales (Symbiodinium), Gymnodiniales 
{Gymnodinium, Amphidinium), Peridiniales {Scrippsiella), Prorocen- 
trales {Pr or o centrum), and Phytodiniales (Gloeodinium) (see Banaszak 
et al. 1993, McNally et al. 1994; Trench and Thinh 1995). Sequence analy- 
ses among zooxanthellae assigned to the genus Symbiodinium support 
their placement in the separate order Suessiales (Saunders et al. 1997c). 
However, it appears that this order should not be included in the sub- 
class Gymnodiniphycidae, but that it is a major lineage of the Dinophy- 
ceae, sister to the GPP complex sensu stricto and worthy of subclass 
status in the system of Fensome et al. (1993). Molecular data also give 
evidence for relatively substantial divergence between isolates of Sym- 
biodinium reinforcing the conclusion that Symbiodinium-like zooxan- 
thellae represent a collection of distinct species (Rowan and Powers 
1992; McNally et al. 1994). 
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4 Prymnesiophyta (Haptophyta) 

Molecular data do not support an affiliation of the Prymnesiophyta with 
the Heterokontophyta or with any other eukaryotic group (see Cavalier- 
Smith et al. 1996b, Medlin et al. 1997b) and are therefore dealt with as a 
separate division here. Much information about this group is compiled 
in a comprehensive book (edited by Green and Leadbeater 1994), and 
another book (edited by Winter and Siesser 1994) deals specifically with 
coccolithophorids. Species diversity of both non-coccolithophorids and 
coccolithophorids is surveyed in a book edited by Tomas (1993), while 
Moestrup and Thomsen (in Hallegraeff et al. 1995) review the toxic spe- 
cies. A glossary of terms used in studies of prymnesiophytes is presented 
by Jordan et al. (1995). 

In a recent scheme of classification by Jordan and Green (1994), the 
single class Prymnesiophyceae is subdivided into two subclasses, the 
Pavlovophycidae (including the single order Pavlovales) and the 
Prymnesiophycidae (including the single order Prymnesiales). The Pav- 
lovophycidae contains both flagellate organsims plus an undescribed 
coccoid organism whose taxonomic affinities were only recognized 
through sequence analysis (Potter et al. 1997b). 

Many previous taxonomic schemes have divided the Prymnesiophy- 
cidae into several different orders based on morphological characters, 
but this led to a number of difficulties, such as reconciling the inclusion 
of some coccolithophorids in typically non-coccolithophorid orders 
based on the presence of unmineralized scales in the motile stage and 
the absence of a haptonema, and the problem of how best to classify 
heterococcolithophorids and holococcolithophorids in view of the fact 
that some species have both types of coccolith, but at different stages of 
their life cycle (see, e.g., Faber and Preisig 1994). The creation of the two 
haptophyte subclasses is supported by molecular data (see Medlin et al. 
1997b). 

Within the Prymnesiales, (1) a Phaeocystis (Phaeocystaceae) group, (2) a 
Chrysochromulina/Prymnesium (Prymnesiaceae) group, and (3) a coc- 
colithophorid group can be distinguished. The taxonomy of Phaeocystis 
is unresolved, but the status of three species (P. antarctica, P. globosa, 
and P. pouchetii) was supported by recent sequence analyses (Medlin et 
al. 1994; for more information on the major bloom-forming genus 
Phaeocystis, see Davidson and Marchant 1992; Vaulot et al. 1994; Lange 
et al. 1996). 

The Prymnesiaceae divide into two different clades, one comprising 
the Prymnesium species and Chrysochromulina polylepis (a massive 
bloom-forming species), and the second comprising most other species 
of Chrysochromulina (which is a paraphyletic genus; see Simon et al. 
1997). Edvardsen and Vaulot (1996) describe two motile cell types of 
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Qpolylepis (termed authentic and alternate cells) which differ in size 
and scale morphology; authentic cells proved to be always haploid, 
whereas alternate cells can be haploid or diploid (haploid alternate and 
authentic cells probably function as gametes, whereas diploid alternate 
cells may be the result of syngamy; see also Green and Leadbeater 1994 
for other examples with a heteromorphic haploid-diploid life cycle 
among prymnesiophyte algae). 

The coccolithophorids are considered to form a monophyletic group 
with the family of Noelaerhabdaceae (Emiliania and Gephyrocapsa) sis- 
ter to the remainder of the lineage (Medlin et al. 1997b). The taxonomy 
of the coccolithophorid Emiliania huxleyU one of the world’s most im- 
portant species in terms of biomass production, is still unresolved. Re- 
cent studies using molecular techniques indicate, however, that there is 
extensive genetic variety, both on a global scale and within major bloom 
populations in both space and time (Medlin et al. 1996c; see also special 
issues of Sarsia, vol. 79/4, 1994, and of the Journal of Marine Systems^ 
vol. 9/1-2, 1996, for more information on E. huxleyi). 

Some Prymnesiophycidae which appear to be of significance for 
phylogenetic considerations, e.g., Isochrysis and Dicrateria (Jordan and 
Green 1994 include them both in a separate family, Isochrysidaceae), 
have not yet been studied by use of molecular genetic methods. It should 
be noted that Cavalier- Smith et al. (1996b), who use a scheme of classifi- 
cation different from that of Jordan and Green, place Isochrysis and Di- 
crateria in two different orders (Isochrysidales/Dicrateriales) and fami- 
lies (Isochrysidaceae/Dicrateriaceae). 

Cavalier- Smith et al. (1996b) also established a new order (Reticulo- 
sphaerales) and family (Reticulosphaeraceae) for Reticulosphaera, a 
unique plastid-containing meroplasmodial organism, consisting of a 
network of cells joined by branching and anastomosing pseudopods. 
Grell (1990) placed Reticulosphaera in the Heterokontophyta, but the 
new molecular data by Cavalier-Smith et al. indicate that this genus 
branches well within the Prymnesiophycidae, closest to Emiliania and 
Phaeocystis, even though it differs radically from them in external body 
form. Reticulosphaera has apparently lost a haptonema, but it possesses 
a crescentic structure which is identical in appearance to the haptone- 
matal axoneme base of other prymnesiophytes (Cavalier-Smith et al. 
1996b). 

5 Heterokontophyta (= Heterokont Chromophytes 
or Phototrophic Stramenopiles) 

There are several groups of colorless flagellates (e.g., bicosoecids) and 
fungus-like organisms such as Oomycetes, Hyphochytridiomycetes, and 
Labyrinthulomycetes, which are related to heterokont algae, but only 
groups with phototrophic representatives are dealt with in this chapter. 
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Recent molecular analyses show the nonphotosynthetic lineages as early 
divergencies, whereas the photosynthetic heterokonts emerge later as a 
monophyletic group (see review by Medlin et al. 1997b). These data also 
resolve a number of phylogenetic relationships within the heterokonto- 
phytes, e.g., between Fucophyceae and Tribophyceae, between the Chry- 
sophyceae and Synurophyceae, between the Dictyochophyceae and the 
Pelagophyceae (a new class described by Andersen et al. 1993), and be- 
tween the Sarcinochrysidales sensu stricto and the Pelagophyceae. In 
some cases, controversial results were produced, e.g., Raphidophyceae 
form a sister relationship with Tribophyceae and Fucophyceae (accord- 
ing to Medlin et al. 1997b), whereas in the opinion of Cavalier- Smith and 
Chao (1996b), the Raphidophyceae are a sister taxon to the Eustigmato- 
phyceae and Chrysophyceae/Synurophyceae. All these studies also failed 
to resolve unequivocally the relationships among deeper-branching het- 
erokonts. For aspects of plastid phylogeny in Heterokontophyta the 
reader is referred to Prog. Bot. 57:304-305 and to a recent publication by 
Stoebe et al. (1997). These authors present evidence supporting the en- 
dosymbiotic origin of chloroplasts in Heterokontophyta (specifically in 
diatoms) from a red alga. Almost the entire chloroplast gene comple- 
ment of the diatom Odontella is found within the plastid of the red alga 
Porphyra purpurea, suggesting that chloroplasts of heterokont algae 
descended from red algal plastids. 



a) Eustigmatophyceae 

The present knowledge on this class is summarized by Santos (1996). 
Schnepf et al. (1996) report on a species of Pseudo staurastrum, a genus 
previously assigned to the Tribophyceae. Even though the zoospores of 
this coccoid organism lack a large extraplastidial eyespot (a feature pre- 
viously considered to be most characteristic for the Eustigmatophyceae), 
accommodation in this class is unequivocal due to other characteristics 
of cell structure and pigment composition. Undoubtedly, many other 
species which presently are classified as Tribophyceae will prove to be- 
long to the Eustigmatophyceae when detailed studies are made. 



b) Dictyochophyceae (Including Pedinellales and Rhizochromulinales) 

Moestrup (1995) subdivides the Dictyochophyceae into three orders, 
Pedinellales, Rhizochromulinales, and Dictyochales (for a different sys- 
tem of classification, see Cavalier-Smith et al. 1995). 

Pedinellales. This order currently comprises ten genera, including 
Mesopedinella, a new genus recently described by Daugbjerg (1996a). 
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Cavalier-Smith et al. (1995) place the phototrophic (mixotrophic) genera 
in two different families, Pedinellaceae (cells forming a stalk) and 
Apedinellaceae (cells without a stalk). Daugbjerg (1996b) made a cladis- 
tic analysis on ultrastructural data of eight genera of pedinellids, includ- 
ing the colorless Actinomonas/Pteridomonas (Actinomonadaceae; cells 
with a stalk) and Ciliophrys (Ciliophryaceae; cells without a stalk), indi- 
cating that Pseudopedinella tricostata is the most basal pedinellid. The 
division of the pedinellids in two major lineages based on presence or 
absence of plastids, as well as the further recognition of subgroups on 
the basis of presence or absence of stalks, is not supported by molecular 
data, as presented by Saunders et al. (1997a). Prior to further speculation 
on the relationships among pedinellid species, it is necessary that more 
taxa are investigated. 

Rhizochromulinales. This order comprises at present only Rhizo- 
chromulina marinUy a pigmented amoeboid species. This order may 
represent an intermediate group between the Pedinellales and Dictyo- 
chales, lacking a siliceous skeleton (as do pedinellids), but possessing 
bundles of microtubular tentacles similar to those observed in silico- 
flagellates (Moestrup 1995; O'Kelly and Wujek 1995). 

Dictyochales (Silicoflagellates). One of the few extant species, Dictyocha 
speculunty has been studied recently with special reference being given to 
its autecology, life history, and toxicology (Henriksen et al. 1993). Fossil 
silicoflagellates, including several new taxa, are described in detail by 
Desikachary and Prema (1996). 



c) Chrysophyceae and Synurophyceae 

Detailed data from current research on both classes can be found in the 
Proceedings of the International Chrysophyte Symposia (Sandgren et al. 
1995; Kristiansen and Cronberg 1996). Stomatocysts, the characteristic 
siliceous resting stages of species-specific shape and ornamentation of 
Chrysophyceae and Synurophyceae, are described and illustrated com- 
prehensively by Duff et al. (1995). These structures, as well as the sili- 
ceous scales which are produced by members of these classes, are widely 
used as valuable indicators for assessing historical lakewater conditions 
(see, e.g., Smol 1995). Actual knowledge of stomatocyst and scale forma- 
tion is summarized by Preisig (1994). 
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a) Chrysophyceae 

Preisig (1995) subdivided the Chrysophyceae sensu stricto in three or- 
ders, Chromulinales (inch Ochromonadales), Hibberdiales, and Hydru- 
rales. In Preisig's system of classification, the Chrysophyceae sensu lato 
also comprise the Chrysomeridales and Sarcinochrysidales (see below). 

Chromulinales. Many pigmented and a few colorless genera are included 
in this order (for a survey of the heterotrophic genera, see Preisig et al. 
1991). A species of the colorless genus Oikomonas was recently studied 
by ultrastructural and molecular genetic methods (Cavalier-Smith et al. 
1996a) and was clearly shown to be related to the Chrysophyceae sensu 
stricto (though Cavalier- Smith et al. use a system of classification differ- 
ent from that of Preisig 1995). Chrysonephele, a colonial chloroplast- 
containing genus, has also been clearly shown to be a member of the 
Chrysophyceae by use of molecular data (Saunders et al. 1997a). This is 
interesting, since previously this genus was suggested to be a possible 
phylogenetic link between the Chrysophyceae and Eustigmatophyceae. 
A new genus of chrysophycean flagellate with organic scales, Chrysolepi- 
domonas (representing a new family, Chrysolepidomonadaceae), was 
described by Peters and Andersen (1993a, b), and includes some species 
previously assigned to Sphaleromantis. 

Hibberdiales. Recent studies on Chromophyton (see Preisig 1995) and 
Lagynion (O'Kelly and Wujek 1995) revealed a general organization of 
the flagellar apparatus similar to that of Hibberdia (cf. Prog. Bot. 52:285), 
suggesting that these and possibly a number of other genera (e.g., lori- 
cate rhizopodial genera such as Chrysopyxis and Stylococcus, which are 
normally classified with Lagynion in the family Stylococcaceae), should 
be classified with the Hibberdiales. 

Chrysomeridales. Preisig (1995) included this order in the Chrysophy- 
ceae sensu lato, but recent ultrastructural and molecular data appear to 
support separate class status for this group (see Cavalier- Smith et al. 
1995). However, the phylogenetic affinities of this class among the other 
lineages of heterokonts is not yet clear, though from gene sequence 
analyses a weak relationship with the Fucophyceae/Tribophyceae clade 
is suggested (Saunders et al. 1997b). 



(3) Synurophyceae 

Analyses of morphological and molecular genetic data corroborate that 
the Synurophyceae represent a monophyletic assemblage, sister to the 
Chrysophyceae (Lavau et al. 1997; Medlin et al. 1997b). Tessellaria is 
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weakly resolved as earliest divergence within the Synurophyceae, which 
is consistent with earlier suggestions based on scale case morphology 
and development that Tessellaria retains some primitive features relative 
to Synura and Mallomonas (see Pipes and Leedale 1992; Kristiansen and 
Vigna 1994). The data presented by Lavau et al. weakly support the 
studied representatives of the genera Mallomonas and Synura as mono- 
phyletic groupings and upheld several of the sections within these gen- 
era that are recognized by current classifications (for a detailed account 
of Mallomonas, see Siver 1991). However, further studies may prove that 
some changes to the classification and delineation of these genera may 
be necessary. Synura lapponica (section Lapponicae), for instance, is 
very similar to Tessellaria based on colony and scale morphology, imply- 
ing that these taxa may need to be redefined. 



d) Diatomophyceae (Bacillariophyceae) 
a) Books, Monographs, and Reviews 

An important book was published on the biology and morphology of 
genera of diatoms (Round et al. 1990). Krammer and Lange-Bertalot 
(1991a, b) finished their treatment of diatoms (vols 2/3 and 2/4) in the 
book series Susswasserflora von Mitteleuropa (see also Lange-Bertalot 
1993). Most valuable are the books of Tomas (1996) for the identification 
of marine diatoms and the book of Cox (1996) for identification of 
freshwater diatoms (the latter is the first book which enables the user to 
work from live specimens). Sims (1996) edited a book entitled Atlas of 
British Diatoms which contains over 6000 illustrations covering almost 
all known forms of British freshwater, brackish, and littoral marine spe- 
cies. Since the majority of species has been recorded in literature as 
cosmopolitan, this Atlas is also useful outside Britain. New books 
(including Proceedings of Diatom Symposia) with many original contri- 
butions on taxonomy of diatoms have been edited by Sims (1993), Van 
Dam (1993), Kociolek (1994), Kociolek and Sullivan (1995), Marino and 
Montresor (1995), and Jahn et al. (1997). Other useful publications on 
diatoms appeared in the Journal Diatom Research (Biopress, Bristol), 
and in the series Bibliotheca Diatomologica (J. Cramer, Berlin) and Jco- 
nographia Diatomologica: Annotated Diatom Micrographs (Koeltz Sci- 
entific Books, Konigstein/Germany). Reviews on subjects with taxo- 
nomic implications include Cox (1993) on past and present practice in 
diatom systematics, Mann (1993) on sexual reproduction in diatoms, 
Mann and Droop (in Kristiansen 1996) on biodiversity, biogeography, 
and conservation of diatoms, Mann (1996) on chloroplast morphology, 
movements and inheritance in diatoms, McQuoid and Hobson (1996), 
on diatom resting stages, Harwood and Nikolaev (1996) on taxonomy 
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and biostratigraphy of fossil diatoms, and Medlin et al. (1997a) on the 
origin of diatoms. Gaul et al. (1993) published an important bibliogra- 
phy on the fine structure of diatom frustules, covering more than 4000 
diatom names and a period of more than 50 years of electron micro- 
scopic studies. 

Harmful diatoms are treated by Hallegraeff et al. (1995). The species 
causing most of the problems are usually Pseudo-nitzschia multiseries 
(syn. Nitzschia pungens f. multiseries) and P. australis (syn. Nitzschia 
pseudoseriata), which may produce massive amnesic shellfish poisoning 
by means of the toxin domoic acid (for reviews see Hasle et al. 1996 and 
Fryxell et al. 1997). 



P) Taxonomy 

Round et al. (1990) classifiy the diatoms in the division Bacillariophyta 
and recognize three classes, Coscinodiscophyceae (centric diatoms), 
Fragilariophyceae (araphid pennate diatoms), and Bacillariophyceae 
(r aphid pennate diatoms), and they also establish many new taxa, in- 
cluding subclasses, orders, families, and genera. 

Molecular data indicate that the centric and the araphid pennate 
diatoms represent paraphyletic lineages (Medlin et al. 1996a, b, 1997b). 
According to these data, the diatoms diverge into two clades (clades 1 
and 2). Glade 1 comprises the Thalassiosirales, the pennate diatoms 
(raphids and araphids) and the bipolar (multipolar) centric diatoms 
with a central labiate process (Chaetocerotales, Hemiaulales, Cymato- 
sirales, and Lithodesmiales). Glade 2 comprises the radial centric dia- 
toms with peripheral rings of labiate processes (Melosirales, Goscinodis- 
cales, Gorethrales, and Rhizosoleniales). The central tube-like structure 
in fossil diatoms of the Lower Gretaceous may represent an ancestral 
structrure from which the central strutted process of Thalassiosirales, 
the central labiate process in the bipolar centric diatoms, and probably 
the raphe of the pennate diatoms may have evolved. Some ultrastruc- 
tural features also support the two clades recovered in the molecular 
tree, e.g., taxa of clade 2 (such as Coscinodiscus) have their Golgi bodies 
associated with a mitochondrion within cisternae of the endoplasmic 
reticulum, whereas clade 1 taxa (Thalassiosirales and most, if not all, 
pennates) have their Golgi bodies either as perinuclear shell or in a 
Plattenband. From the molecular data it is suggested that the traditional 
features of the morphology of the silica cell wall are only valuable in 
defining younger branches of the tree. 

The enormous number of important publications dealing with tradi- 
tional aspects of systematics at lower taxonomic level, including de- 
scriptions of hundreds of new taxa at generic, specific, or subspecific 
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level, unfortunately cannot be reviewed here due to limitations of space 
in this report. 



e) Raphidophyceae 

In a cladistic analysis of combined data sets (nucleotide sequences, ul- 
trastructure, and pigments) the genera of both marine and freshwater 
raphidophytes were united with high bootstrap values, supporting the 
hypothesis that they form a monophyletic group (Potter et al. 1997a). 
Hallegraeff et al. (1995) outline the taxonomy of harmful marine raphi- 
dophytes (genera Chattonella, Fibrocapsa, Heterosigma, Olisthodiscus), 
all of which are included in a single order (Chattonellales) and family 
(Chattonellaceae) by Throndsen (in Tomas 1993). A new marine genus, 
Haramonas, was recently described from Australian mangrove habitats 
(Horiguchi 1996). 



f) Tribophyceae (Xanthophyceae) 

Preliminary results from gene sequence analyses on a number of genera 
indicate that there is litte congruence with the presently used ordinal 
and familial classification based on morphological features (Potter et al. 
1997a), but clearly additional investigations are necessary. Noteworthy 
studies on Tribophyceae relating to taxonomy have been done on a new 
coccoid genus, Pseudogoniochloris (Krienitz et al. 1993), the filamentous 
genera Heterococcus (Lokhorst 1992) and Xanthonema (= Heterothrix) 
(Broady et al. 1997), and the siphonous genera Vaucheria (Linne and 
Kowallik in Kristiansen 1996), and Pseudodichotomosiphon (a genus 
sometimes assigned to the Chlorophyceae in the past; Fiikushi-Fujikura 
et al. 1991). 



g) Fucophyceae (Phaeophyceae) 
a) Books, Monographs, and Reviews 

Much information on ecology and physiology of brown algae (Fucophy- 
ceae) can be found in a book of Lobban and Harrison (1994). Other in- 
teresting new publications of general interest include Bell (1997) on the 
evolution of the life cycle, Kawai (1992) on the morphology of chloro- 
plasts and flagellated cells, and Kusel-Fetzmann (1996) on freshwater 
species of brown algae. 
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P) Taxonomy 

Traditionally, the Fucophyceae are subdivided into several orders which 
are distinguished mainly on the basis of life cycle type, reproduction, 
tissue organization, and growth pattern (for a recent system of classifi- 
cation, see Silva and Moe in Lobban and Harrison 1994). However, based 
on molecular data, the brown algae are grouped in two main clades con- 
trary to traditional views (Druehl et al. 1997). Clade 1 includes Ectocar- 
pales, Scytosiphonales, Chordariales, and Dictyosiphonales, i.e., mostly 
small filamentous or pseudoparenchymatous forms which were consid- 
ered by some authors in the past to belong to a single order, Ectocar- 
pales. Clade 2 includes Ralfsiales, Sphacelariales, Syringodermatales, 
Tilopteridales, Cutleriales, Dictyotales, Desmarestiales, Sporochnales, 
Laminariales, and Fucales, i.e., all the "seaweeds" with massive thalli, 
though there are also some small and simple forms in this group. Repre- 
sentatives of clade 1 are characterized by having normal pyrenoids, 
whereas in representatives of clade 2 pyrenoids are rudimentary or 
lacking. 

So far, not many molecular studies have been made to resolve the 
phylogenetic relationships between orders and families within the two 
clades. However, among Sporochnales, Desmarestiales, and Laminaria- 
les, close evolutionary relationships appear to exist (Tan and Druehl 
1996). Within the Laminariales the molecular data indicate that the 
"primitive" Pseudochordaceae/Chordaceae/Phyllariaceae families are 
phylogenetically isolated from the "advanced" Alariaceae/Laminaria- 
ceae/Lessoniaceae complex (Druehl et al. 1997). The latter three families, 
as traditionally conceived, proved to be an unnatural assemblage and 
should be redefined based on the new data. Molecular phylogenetic 
analyses on European representatives of Fucales suggest that this order 
is monophyletic, but among them there are two robust clades, one corre- 
sponding to the families Fucaceae and Himanthaliaceae on one side, and 
a Cystoseiraceae-Sargassaceae group on the other (Rousseau et al. 1997). 

Other important publications on brown algal families or major genera 
include Cheshire et al. (1995) on Durvillaea (representing the mono- 
generic family, Durvillaeacaceae, which was originally assigned to the 
Fucales but now is usually classified in its own order, Durvillaeales), 
Clayton (1994) on the Southern Hemisphere family Seirococcaceae 
(Fucales), and Kilar et al. (in Abbott 1992) on the genus Sargassum 
(Fucales). 



h) Pelagophyceae (Including Sarcinochrysidales) 

This class was originally described as including Pelagomonas calceolata, 
a new genus of marine ultraplanktonic flagellate (Andersen et al. 1993), 
but, as presently conceived (Saunders et al. 1997b), it also comprises 
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coccoid members such as Pelagococcus and Aureococcus (the latter is a 
common brown tide organism; DeYoe et al. 1995) and genera such as 
Sarcinochrysis, Ankylochrysis, Nematochrysopsis, and Pulvinaria 
(= Chrysoreinhardia nom. nud.), which in the past were usually classi- 
fied in a seperate order (Sarcinochrysidales) of the Chrysophyceae sensu 
lato (see, e.g., Honda and Inouye 1995; Preisig 1995). Possibly, the new 
genus Sulcochrysis (Honda et al. 1995) should also be classified with the 
Pelagophyceae. Potter et al. (1997b) revealed that the gene sequences in 
the flagellate Pelagomonas calceolata (type species) may be identical to 
those in a culture strain which produces only coccoid cells, suggesting a 
close relationship between the flagellate and coccoid organisms (perhaps 
they represent two stages in the life history of the same organism). 



6 Cryptophyta 

From sequence data it is suggested that the cryptophytes form a weakly 
supported sister group to the glaucocystophytes (cf. Progr. Bot. 57:302; 
Fraunholz et al. 1997), whereas other phylogenetic trees generated by 
Cavalier-Smith (1996c) are shown to be consistent with but do not posi- 
tively support the view that the closest relatives of the cryptophytes are 
the Chromobiota (heterokontophytes plus haptophytes). The plastids of 
cryptophytes are considered to be red-algal-like endosymbionts which 
contain a reduced eukaryotic nucleus (nucleomorph) that is not specifi- 
cally related to chlorarachniophyte nucleomorphs (Cavalier- Smith et al. 
1996c). McFadden et al. (1994) show that a most basal position in the 
cryptophyte lineage is occupied by the colorless phagotrophic flagellate 
Goniomonas (previously often referred to as Cyathomonas; see Larsen 
and Patterson 1990). However, it is not yet clear whether the cryptophyte 
common ancestor was primarily colorless or photosynthetic, i.e., Go- 
niomonas may have lost its plastid secondarily (Cavalier- Smith et al. 
1996c). The colorless, leucoplast-containing flagellate Chilomonas is 
shown to be a sister to all photosynthetic cryptomonads. 

The results of Cavalier-Smith et al. (1996c) suggest that genera with 
nucleomorphs embedded in a chloroplast-envelope invagination into 
the pyrenoid {Pyrenomonas/Rhodomonas, Rhinomonas, Storeatula) rep- 
resent a clade consistent with the order Pyrenomonadales (see below). 
Cryptomonads ancestrally having free nucleomorphs are much more 
diverse. Nucleomorph trees show Chroomonas and Komma (both with 
the blue accessory pigment phycocyanin) to form a sister clade to red- 
pigmented cryptomonads such as Guillardia (= Cryptomonas sp.0 
theta) and Hanusia (= Cryptomonas sp.O phi; Deane et al. 1998), but 
nuclear host sequences support this only weakly. Cavalier-Smith et al. 
(1996c) suggest that the red and blue cryptomonads diverged early by 
differential pigment loss. 
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A new classification system for cryptophytes is proposed by Novarino 
and Lucas (1993, 1995), recognizing three orders (Goniomonadales/ 
Goniomonadida, Pyrenomonadales/Pryrenomonadida, and Cryptomon- 
adales/Cryptomonadida). At present, the generic taxonomy of crypto- 
monads is based mainly on the nature of the furrow-gullet system, the 
periplast structure (for a review, see Brett et al. 1994), and features of the 
plastidial complex (for general cell organization, see Kugrens and Lee 
1991; for a survey of described genera of cryptophytes, see Throndsen in 
Tomas 1993). Genera of phagotrophic flagellates such as Katable- 
pharis/Kathablepharis and Leucocryptos that have previously been 
placed in the cryptomonads are no longer included in this systematic 
group (Vors 1992; Cavalier-Smith 1993). 



7 Chlorarachniophyta 

Phylogenetic trees indicate that the chlorachniophyte host is closely 
related to proteomyxids (Leucodictyon), plasmodiophorids {Plasmodi- 
phora), sarcomonads (e.g., Cercomonas, Heteromita, Thaumatomonas) 
and filose amoebae (e.g., Fonticula, Vampyrella, Euglypha, Paulinella)^ 
whereas the endosymbiont (nucleomorph-containing plastid) is most 
closely related to green algae (cf. Prog. Bot. 57:303; Cavalier- Smith 1996; 
Cavalier-Smith and Chao 1996a; McFadden et al. 1997a). The nucleo- 
morph contains three linear chromosomes with a haploid genome size of 
380 kb and is the smallest known eukaryotic genome (Gilson and 
McFadden 1995). McFadden et al. (1997b) give new information on 
chlorachniophyte storage products, which are considered to be key 
characters to define the major groups of algae. It is shown that the prin- 
cipal storage carbohydrate of chlorarchniophytes is a long-chain (3-1,3 
glucan^ which is localized within a vacuole in the host cell cytoplasm, 
suggesting that photosynthate produced by the endosymbiont is stored 
by the host. 

The chlorarachniophytes currently comprise four genera and species, 
Chlorarachnion reptans, Cryptochlora perforans, Gymnochlora stellata, 
and Lotharella globosa (= Chlorarachnion globosum) (see Ishida and 
Hara 1994; Ishida et al. 1996), but there are several undescribed species 
which still await full characterization (cf. Hori 1993 and Daugbjerg et al. 
1996, who suggest that a species in culture, previously identified as Pedi- 
nomonas minutissima, is not a prasinophycean flagellate but presumably 
a chlorachniophyte). Main features used to differentiate the genera in- 
clude pyrenoid ultrastructure and location of the nucleomorph in the 



’ Other groups of algae storing P-1,3 glucans are heterokontophytes (storing laminarans) 
and euglenophytes (storing paramylon), whereas a- 1-4 glucans with occasional a- 1-6 
side branches (starches) are stored by dinoflagellates, cryptomonads, red algae, and 
green algae. 
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periplastidial compartment, whereas vegetative cell morphology and life 
cycle patterns are considered as features characterizing the species 
(Ishida et al. 1996). A sexual cycle has been reported from some species 
(Grell 1990; Beutlich and Schnetter 1993), but no details of meiosis or 
ploidy levels for various phases have so far been established, so proof of 
true sexuality is wanting. 



8 Rhodopyhta 

a) Books, Monographs, and Reviews 

A comprehensive book with general information on red algae has been 
published by Cole and Sheath (1990). Excellent new red algal flora vol- 
umes of Seaweeds of the British Isles on Ceramiales (Maggs and Hom- 
mersand 1993) and Corallinales and Hildenbrandiales (Irvine and 
Chamberlain 1994) and of the Marine Benthic Flora of Southern Austra- 
lia (Womersley 1994, 1996) appeared recently. Reviews on subjects with 
implications for taxonomy include Guiry (1992) on species concepts, 
Ragan and Gutell (1995) on relationships of red algae with other groups 
of eukaryotes, and Saunders and Bailey (1997) and Saunders and Kraft 
(1997), among others, on recent advances in red algal systematics that 
are attributable to molecular studies. 

New data on parasitic red algae from molecular studies are contrib- 
uted by Goff et al. (1996). They compared sequences of hosts and adel- 
phoparasites (i.e., parasites that are closely related to their hosts) in four 
different red algal orders (Gracilariales, Gigartinales, Plocamiales, 
Rhodymeniales) and found that each adelphoparasite has evolved either 
directly from the host on which it is currently found, or it evolved from 
some other taxon that is closely related to the modern host. Zuccarello 
and West (1994a, b) describe a new genus of alloparasite (parasite that is 
not similar to its host), i.e., Bostrychiocolax (Choreocolacaceae, Gigarti- 
nales), growing on some species of Bostrychia and Stictosiphonia (Rho- 
domelaceae, Ceramiales). 



p) Taxonomy 

The Rhodophyta traditionally consists of one class, Rhodophyceae, and 
two subclasses, Bangiophycidae and Florideophycidae. Molecular data 
indicate that the Bangiophycidae (orders Cyanidiales, Porphyridiales, 
Compsopogonales, Bangiales) are polyphyletic, whereas the Florideo- 
phycidae with some 16 orders appears to be monophyletic (Ragan et al. 
1994; Saunders and Kraft 1997). For more information on these orders, 
see Cole and Sheath (1990). 
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Y) Bangiophycidae 

Cyanidiales (sometimes classified as a separate class Cyanidiophyceae 
beside the Rhodophyceae). Representatives of this group, which all live 
exclusively in acidic hot springs, are treated extensively in a book edited 
by Seckbach (1994) who, together with F.D. Ott, proposes to reclassify all 
the Cyanidium and Galdieria species in the single genus Cyanidium in 
the subclass Bangiophycidae. The genus Cyanidioschizon, which was 
usually accommodated in the same order in the past, is proposed to be 
transferred to the Prophyridiales (family Porphyridiaceae), mainly be- 
cause reproduction is by binary fission (as in Porphridium and related 
genera) and not by formation of endospores as in members of the Cya- 
nidiales. 

Prophyridiales. GlaucosphaerUy a genus previously classified by several 
authors with the Glaucocystophyta, is shown to be related to unicellular 
red algae and is now accommodated in the Porphyridiales (Broadwater 
et al. 1995). 

Compsopogonales (including Erythropeltidales). Detailed studies on the 
freshwater family Compsopogonaceae were made, e.g., by Vis et al. 
(1992). 

Bangiales. From molecular studies on one Bangia and several Porphyra 
species, it appears that this order is monophyletic, but there appears to 
be a remarkable degree of internal divergence (Ragan et al. 1994, Oli- 
veira et al. 1995). Endospore formation, a form of reproduction previ- 
ously known only from Porphyridiales and Compsopogonales among 
Bangiophycidae, was observed recently in a species of Porphyra (Nelson 
and Knight 1995). For information on the systematics of Porphyra see 
Lindstrom and Cole (1993). 



5) Florideophycidae 

The traditional Kylinian ordinal foundations are severely brought into 
question by new molecular data, but also additional morphological data 
(such as ultrastructure of pit connections) and cladistic methods of 
character analysis provide new insights in the relationships between the 
major red algal lineages. Saunders and Kraft (1997) review the relevant 
data and as a result of their considerations recognize four distinct linea- 
ges within the Florideophycidae, though the relationships between these 
lineages are not yet fully resolved. 




388 



Systematics and Comparative Morphology 



Lineage 1 comprises a single order (Hildenbrandiales) and family (Hil- 
denbrandiaceae), which appear to have an isolated position relative to 
the remainder of the Florideophycidae. However, the data are still lim- 
ited, since so far only one marine species, Hildenbrandia rubra, was 
studied from a molecular standpoint. Freshwater species such as H. an- 
golensis closely resemble H. rubra, but differ by the absence of tetraspo- 
rangia and the presence of gemmae (Sheath et al. 1993a). 

Lineage 2 is constituted by six orders: Rhodogorgonales, Corallinales, 
Batrachospermales, Nemaliales, Acrochaetiales, and Palmariales. 

Rhodogorgonales. This order was recently established by Fredericq and 
Norris (1995) for two bizzare, recently discovered Caribbean genera that 
combine the lubricous worm-like habit of some Nemaliales, several go- 
nimoblast characters of Batrachospermales, and the deposition of cal- 
cite, suggesting a relationship with Corallinales. 

Corallinales. Verheij (1993) separates Sporolithon from the Corallinaceae 
and places it in a new family (Sporolithaceae), which is characterized by 
tetrasporangia that produce cruciately arranged spores and develop 
within calcified sporangial compartments (Corallinaceae have tetraspo- 
rangia that produce zonately arranged spores which do not develop in 
calcified sporangial compartments; see also Townsend et al. 1994/1995 
for a new genus, Heydrichia, assigned to the Sporolithaceae). Within the 
Corallinaceae, two sister clades have been resolved by means of a mo- 
lecular sequence analysis of 23 species (14 genera and 5 subfamilies; 
Bailey and Chapman 1996). One clade contains only nongeniculate spe- 
cies of the subfamily Melobesioideae and the second includes geniculate 
and nongeniculate representatives of the subfamilies Corallinoideae, 
Amphiroideae, Mastophoroideae, and Metagoniolithoideae. Harvey and 
Woelkerling (1995) describe two new genera of Corallinaceae (Austro- 
lithon and Boreolithon), which they place in a new subfamily, Aus- 
trolithoideae, based on the presence of multiporate tetrasporangial con- 
ceptacles and the lack of cell fusions, secondary pit connections, and 
genicula. 

Batrachospermales. The systematics of this order of freshwater red algae 
(families Batrachospermaceae, Lemaneaceae, Thoreaceae) is reviewed by 
Entwisle and Necchi (1992). A new genus, Rhododraparnaldia, which 
appears to be intermediate between Batrachospermales and Acrochaetia- 
les, is described by Sheath et al. (1994). There are many recent publica- 
tions especially on Batrachospermaceae (e.g., Kumano 1993; Vis and 
Sheath 1996) but also several on Lemaneaceae (e.g.. Sheath et al. 1996b) 
and Thoreaceae (e.g.. Sheath et al. 1993b). The latter familiy is consid- 
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ered to have an uncertain position in the Batrachospermales (Schnepf 
1992). 

Nemaliales. Preliminary results from molecular studies indicate that this 
group is a monophyletic sister to the Acrochaetiales/Palmariales com- 
plex, although the relationships are not clear (Saunders and Kraft 1997). 
These authors recognize two families, Galaxauraceae and Liagoraceae. 

Acrochaetiales/Palmariales complex. Molecular data indicate that the 
Acrochaetiales cannot be considered to be ancestral to the remaining 
Florideophycidae as it was often suggested in the past. The data support 
an alliance between Acrochaetiales and Palmariales and indicate that the 
Acrochaetiales is a comparatively recent derivative among the orders of 
lineage 2 (Saunders et al. 1995; Saunders and Kraft 1997). Saunders and 
McLachlan (1991) describe a new genus, MeiodiscuSy for a species previ- 
ously assigned to Rhodochorton (Acrochaetiales) and place it in the fam- 
ily Rhodophysemataceae (Palmariales). Rhodothamniellay another genus 
previously assigned to the Acrochaetiales, is placed by Saunders et al. 
(1995) in a new family (Rhodothamniellaceae) in the order Palmariales. 

Lineage 3 comprises a single order (Ahnfeltiales), family (Ahnfeltiaceae) 
and genus (Ahnfeltia) with three cool- to cold-temperate species. Species 
of similar habit, assigned to a new genus (Ahnfeltiopsis) by Silva and 
DeCew (1992), are retained in the order Gigartinales (family Phyllo- 
phoraceae) due to different life histories, different pit-plugs, internal 
rather than completely external carposporophytes, and carragenans 
rather than agar as main nonfibrillar polysaccharides (see below). 

Lineage 4 is constituted by Gelidiales, Bonnemaisoniales, Gracilariales, 
Gigartinales/Plocamiales/Halymeniales, Rhodymeniales, and Ceramia- 
les. 

Gelidiales. Acceptance of Gelidiales as a separate order is strongly pro- 
moted by every molecular study that has included the group to date (see 
review by Saunders and Kraft 1997). Freshwater et al. (1995), who made 
a study of several genera, found ten well- supported major clades repre- 
senting genera and species complexes. Their data suggest that Gelidium 
and PterocladiUy as currently circumscribed, are not monophyletic. For 
more information on Gelidiales, see Norris in Abbott (1992). 

Bonnemaisoniales. Available molecular data for members of this order 
do not support a close association with any other lineage 4 order 
(Saunders and Kraft 1997; see also Womersley 1996). 
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Gracilariales. Molecular data support the ordinal status of this group 
(Saunders and Kraft 1997), although not in a monophyletic association 
with the two other agarophyte orders Ahnfeltiales and Gelidiales as pre- 
viously proposed. Within the order, sequence divergence was found to 
be relatively large (Bird et al. 1992). For a key to the genera of Gracilari- 
aceae, see Fredericq and Hommersand (1990). 

Gigartinales/Plocamiales/Halymeniales. Kraft and coworkers proposed 
to subsume the large classical order Cryptonemiales into the similarly 
large Gigartinales, creating a megaorder, Gigartinales, comprising some 
40 families (see Womersley 1994; Saunders and Kraft 1997). Recently, 
Saunders and Kraft (1994) removed the family Plocamiaceae from the 
Gigartinales to a separate, new order, Plocamiales (to which the families 
Pseudoanemoniaceae and Sarcodiaceae may also belong). Furthermore, 
Saunders and Kraft (1996) removed the family Halymeniaceae (original- 
ly classified in the Cryptonemiales) to another new order, Halymeniales 
(to which the families Sebdeniaceae, Corynomorphaceae, Nemastomata- 
ceae and Schizymeniaceae may also belong). All these taxonomic deci- 
sions are supported by molecular data, now leaving a perhaps mono- 
phyletic assemblage of gigartinalean families. 

Many papers dealing with the taxonomy of specific taxa in this group 
have been published since 1990, but because of limited space, reference 
to only a few of these can be given. Recently, Hommersand et al. (1993, 
1994) proposed a revised classification of the family Gigartinaceae in 
which 69 species are classified into four extant {Chondrus, Gigartina, 
Iridaea, Rhodoglossum) and three reinstated {Chondracanthus, Sarco- 
thalia, Mazzaella) genera based on developmental and morphological 
criteria. In a study on several species of Phyllophoraceae (Gigartinales), 
the molecular and morphological data presented by Fredericq and 
Ramirez (1996) challenge the current taxonomic concept that type of life 
history is a phylogenetically valid criterion for recognition of genera in 
this family. In a survey of the genera of Nemastomataceae (Halymenia- 
les?, see above), Masuda and Guiry (1995) segregated Schizymenia, Pla- 
toma, and (with uncertainty) Titanophora to their own family, Schizy- 
meniaceae, based on Nematostomataceae tribus Schizymenieae, and 
transferred Platoma marginiferum to a new genus (Itonoa) of Nemasto- 
mataceae. 

Rhodymeniales. The analyses of Saunders and Kraft (1996) provide sup- 
port for continued recognition of this order as distinct from the Gigarti- 
nales sensu stricto, but apparently most closely related to the Halyme- 
niales. Preliminary molecular data indicate that the families of this order 
are not monophyletic, the Rhodymeniaceae being polyphyletic and the 
Lomentariaceae paraphyletic (Saunders and Kraft 1996). 
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Ceramiales. There is molecular evidence that the Ceramiales diverge 
deep within lineage 4 and the long-standing view that they represent the 
most "advanced" red algae is not confirmed (Saunders et al. 1996; Saun- 
ders and Kraft 1997). This order, the largest of all red algal orders, com- 
prises four families (Ceramiaceae, Delesseriaceae, Dasyaceae, and Rho- 
domelaceae). These were treated in many recent publications 
(containing a great number of descriptions of new taxa) but, due to lim- 
ited space, only very few can be mentioned here. Antithamnioid red 
algae (subfamily Ceramioideae of Ceramiaceae) are dealt with exten- 
sively by Athanasiadis (1996), who describes several new taxa including 
tribes and genera (see also Cormaci and Furnari 1994, for a new genus, 
HalosiUy and tribe, Halosieae, of Ceramioideae). Wynne (1996) presents 
a useful revised key to genera (including several recently described gen- 
era) of the family Delesseriaceae. For distribution and systematics of 
freshwater Ceramiales, see Sheath et al. (1993c). 



9 Glaucocystophyta (Glaucophyta) 

Seven genera {Cyanophora, Cyanoptyche, Glaucocystis, Glaucocystopsisy 
Gloeochaete, Peliaina, and Strobilomonas) are assigned to this division 
(for a review, see Kies 1992). Glaucosphaera, not as previously thought, 
is shown not to belong to the glaucocystophytes but to be a member of 
the red algae (Broadwater et al. 1995; Helmchen et al. 1995). Phyloge- 
netic analyses of the nuclear- and plastid-encoded small subunit ribo- 
somal DNA provide evidence for a monophyletic origin of the glauco- 
cystophyte host cell within the eukaryotic crown group radiation 
(forming a weakly supported sister group to the cryptophytes, cf. Prog. 
Bot. 57:301-302). The cyanelles of the glaucocystophytes are considered 
to be true plastids which are of monophyletic origin within this lineage 
(Bhattacharya et al. 1995; Bhattacharya and Schmidt 1997). 



10 Chlorophyta 

a) Books, Monographs, and Reviews 

No comprehensive books on green algae appeard in the past years (for a 
book of limited coverage see Vijayaraghavan and Kumari 1995). Phy- 
logeny and evolution of green algae (including charophytes) are re- 
viewed (among others) by Melkonian and Surek (1995), Friedl (1997) 
and Huss and Kranz (1997). For monographs and reviews of specific 
groups of green algae see below. 
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P) Taxonomy 

Green plants (including green algae) are monophyletic, consisting of two 
major lineages; one comprising the Streptophyta (= Klebsormidiophy- 
ceae, Zygnematophyceae, Charophyceae and the embryophytes), the 
second comprising all other green algae (= Chlorophyta sensu stricto, 
see below). In both lineages several classes and orders are distinguished, 
which in the following survey are arranged as in the recent scheme of 
classification by Van den Hoek et al. (1995), except for one class, the 
Pleurastrophyceae. As shown by Friedl (1996), the type species of 
Pleurastrum (P, insigne) is clearly a member of the Chlorophyceae, and 
most species/genera included in the Pleurastrophyceae by Van den Hoek 
et al. (1995) are now accommodated in the Trebouxiophyceae, a new 
class described by Friedl (1995). New molecular data indicate that sev- 
eral green algal groups as circumscribed by Van den Hoek et al. (1995) 
should be redefined, since they include species which are phylogeneti- 
cally not closely related. However, it is certainly necessary that more 
detailed studies (including a great number of species) are performed 
before new formal definitions are made. 



a) Chlorophyta Sensu Stricto 
a) Prasinophyceae (= Micromonadophyceae) 

This class comprises a heterogenous assemblage of lineages that arise at 
the base of the radiation of the Chlorophyta (see, e.g., Steinkotter et al. 
1994; Daugbjerg et al. 1995; Marin 1996). For more information on 
Prasinophyceae see also review by Sym and Pienaar (1993). Some 
authors consider Pedinomonas and related genera (Resultor and Mar- 
supiomonas) to be phylogenetically isolated and include them in a sepa- 
rate class, Pedinophyceae (Moestrup 1991; Jones et al. 1994; Daugbjerg et 
al. 1996). However, from recent molecular analyses on Pedinomonas 
tuberculata (Marin 1996) it is suggested that this genus (and related 
genera) should be classified at ordinal rank (Pedinomonadales) in the 
Prasinophyceae, since it appears to represent a lineage diverging be- 
tween the Pseudoscourfieldiales {Pseudoscourfieldia, Nephroselmis) and 
Chlorodendrales (Tetraselmis, Scherjfelia). Other major lineages within 
the Prasinophyceae are the Pyramimonadales (including Pyramimonas, 
Halosphaera, Cymbomonas, Pterosperma, and Tasmanites = Pachy- 
sphaera) and the Mamiellales (Mamiellaceae, Micromonadaceae) to 
which the genus Monomastix is apparently also related (Marin 1996). 
The genus Pycnococcus (classified in the Mamiellales, family Pycnococ- 
caceae, by Guillard (1991), is considered by Marin (1996) to form a sepa- 
rate evolutionary lineage in the Prasinophyceae, whereas Daugbjerg et 
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al. (1995) consider this genus to be closely related to Pseudoscourfteldia. 
Apart from Pycnococcus some other coccoid genera of Prasinophyceae 
have recently been described (Bathycoccus, Ostreococcus, Prasinococcus, 
and Prasinoderma; see, e.g., Hasegawa et al. 1996), but their positions in 
Mamiellales/Pycnococcales are not yet clearly established. Ostreococcus 
is especially interesting, since it is the smallest eukaryote (diameter ca. 
0.8-1. 1 xO.5-0.7 |Lim), with the smallest DNA content per cell (33.31 fg) 
known to date (Chretiennot-Dinet et al. 1995). Another recently de- 
scribed order of the Prasinophyceae is the Scourfieldiales (including the 
single genus Scourfteldia; Moestrup 1991), but detailed ultrastructural 
and molecular data on species of this genus have not yet been published. 
For Mesostigma, see under Streptophyta below. 



(3) Chlorophyceae 

Van den Hoek et al. (1995) subdivide this class into four orders, (1) Vol- 
vocales (including Chlamydomonadales, Dunaliellales, Tetrasporales), 
(2) Chlorococcales (including genera such as Chlorosarcinopsis, Gemi- 
nella, Binuclearia, Radiofilum, Cylindrocapsa and Sphaeroplea)y (3) 
Chaetophorales sensu stricto, and (4) Oedogoniales. 

Volvocales. Molecular data indicate that this order is not monophyletic 
(Buchheim et al. 1996, Nakayama et al. 1996b, Friedl 1997). Chlamydo- 
monas is a polyphyletic genus within a group consisting of several gen- 
era traditionally assigned to Volvocales and Chlorococcales, including 
Pleurastrum insigne, suggesting that the traditional concepts of both 
Volvocales and Chlorococcales will need revision. Species of the wall-less 
genera Dunaliella, Hafniomonas, and Polytomella ally with some species 
of Chlamydomonas (Nakayama et al. 1996b), supporting the contention 
that multiple losses of glycoprotein cell walls occurred in this group (for 
taxomony of Dunaliellay see Preisig 1992). 

The colonial green flagellates apparently had multiple origins from 
unicells (Buchheim et al. 1994). See Nozaki et al. (1995) for a study on 
the phylogenetic relationships within the colonial Volvocales; and No- 
zaki and Ito (1994) for a new family (Tetrabaenaceae) of colonial Volvo- 
cales. 

A molecular study on OltmannsiellopsiSy a genus previously assigned 
to the Volvocales/Dunaliellales, reveals that this genus is only distantly 
related to other members of this group (Nakayama et al. 1996b). It is 
suggested to be an early divergence in the Ulvophyceae/Trebouxiophy- 
ceae/Chlorophyceae clade, but so far it has not yet been possible to clar- 
ify to which algal class this genus belongs. It has certainly no close rela- 
tionship to any other known chlorophyte order (family), and therefore 
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the new names Oltmannsiellopsidales (Oltmannsiellopsidaceae) were 
established. 

Chlorococcales. Molecular analyses reveal that coccoid green algae, for- 
merly placed in the single order, Chlorococcales, are distributed over 
several lineages, including lineages assigned to another green algal class, 
the Trebouxiophyceae. In fact, many autosporic coccoid green algae are 
now known which have affinities with the Trebouxiophyceae. Most spe- 
cies of Chlorella (including the type species C. vulgaris) are members of 
the Trebouxiophyceae, whereas other species assigned to Chlorella (e.g., 
C. zofingensis) belong to the Chlorophyceae. Only those species closely 
related to C. vulgaris may represent the genus Chlorella, while those that 
have their origin in other lineages need to be included in other genera. 

Convergence of similar vegetative morphology also occurs among 
zoospore-forming coccoid green algae. Floyd et al. (1993) show that epi- 
phytic unicellular forms previously assigned to the genus Characium 
belong to three distinct lineages, i.e., Chlorococcales (Chlamydopodium), 
Sphaeropleales {Char aciop odium gen. nov.) and Trebouxiophyceae 
(Fusochloris gen. nov.). Chlorococcum also proves to be a polyphyletic 
genus with species belonging to different lineages in the Chlorophyceae. 
To evaluate the taxonomic position of the genus and the delimitation of 
the order Chlorococcales, sequence data on the type species and on 
many more taxa of coccoid green algae are needed. Due to limited space, 
it is not possible to make reference to any other recent publications on 
coccoid green algae, including descriptions of numerous new taxa. 

Sphaeropleales. Deason et al. (1991) present an emended diagnosis of 
this order, which includes unicellular, filamentous and coenobic non- 
motile green algae producing motile cells with directly opposed basal 
bodies. Families assigned to this order are Sphearopleaceae, Hy- 
drodictyaceae, and Neochloridaceae. From molecular data it appears 
that Scenedesmus also belongs to the Sphaeropleales (Wilcox et al. 1992; 
for taxonomy of Scenedesmus see also Kessler 1991 and Trainor 1991). 
Watanabe and Floyd (1996) list all genera of this order on which ultra- 
structural data of zoospores are known to date. 

Chaetophorales. Only few studies have been done in the last years on 
members of this order. Molecular analyses on representatives of Chloro- 
phyceae including Chaetophora incrassata indicate that Chaetophorales 
represent a distinct order in this class (Nakayama et al. 1996b). 

Chaetopeltidales. This is a new order, established by O'Kelly et al. (1994) 
to accommodate genera such as Chaetopeltis, Dicranochaete, Hormoti- 
lopsis, and Planophila, i.e., genera that are characterized by having 
quadriflagellate scaly zoospores with cruciate flagellar apparatuses. Pre- 
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viously, these genera were scattered among the orders Tetrasporales, 
Chlorococcales, Chlorosarcinales, and Chaetophorales. From ultrastruc- 
tural and molecular data it appears that this order is ancestral with re- 
spect to other Chlorophyceae (O'Kelly et al. 1994; Nakayama et al. 
1996b). 

Oedogoniales. There is a great need that the position of this order is 
studied from a molecular viewpoint. Taxonomy of Oedogonium and 
Bulbochaete is preliminarily revised by a classical approach (Mrozinska 
1991, 1993). 



Y) Trebouxiophyceae 

This class, described by Friedl (1995), comprises many green algae that 
completely lack motile stages (autosporic coccoids, e.g., Chlorella), but 
also zoospore-producing forms, including filamentous forms such as the 
Microthamniales (= Pleurastrales sensu Mattox and Stewart; see Bakker 
1995) and probably also multiseriate filamentous forms such as the Pra- 
siolales (see Friedl 1997). The Trebouxiophyceae appear as an array of 
several independent lineages whose interrelationships are not yet re- 
solved. Most known members of this class live in terrestrial habitats or 
occur in symbioses with lichen fungi (e.g., Trebouxia spp.) or inverte- 
brates (zoochlorellae). The molecular data show that the capacity to exist 
in lichen associations has multiple independent origins and that many 
lichen algae are derived from nonsymbiotic terrestrial green algae. 

The order Chlorellales, previously considered to belong to the Chlo- 
rophyceae, is now classified within the Trebouxiophyceae. Genera such 
as Nanochlorum or the colorless Prototheca are also representatives of 
this order (for taxonomy of Prototheca see Wong and Beebee 1994). 
Some filamentous species previously assigned to the genus Pleurastrum 
(i.e., P. erumpens and P. terrestre) are now known to be related to tre- 
bouxiophycean green algae and Friedl (1996) transferred them to the 
genus Leptosira, 



6) Ulvophyceae 

From molecular analyses, it is suggested that the Ulvophy- 
ceae/Ulotrichales (Codiolales) occupy a basal position within the Ulvo- 
phyceae/Chlorophyceae/Trebouxiophyceae clade (Zechman et al. 1990; 
Friedl 1997). A new order (Phaeophilales) and family (Phaeophilaceae) 
of Ulvophyceae is described by Chappell et al. (1990) due to unique zoo- 
sporangial structure and developmental sequence, as well as unusual 
flagellar apparatus features in Phaeophila. Friedl (1996) shows that some 
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species previously assigned to the genus Pleurastrum (i.e., P. paucicellu- 
lare and P. sarcinoideum) are related to ulotrichalean green algae and 
these are transferred to the genus Gloeotilopsis. A review of the biology 
of Enteromorpha (Ulvales), including aspects of taxonomy, is contrib- 
uted by Poole and Raven (1997). 



8) T rentepohliophyceae 

Molecular data suggest an association of this class with Ulvophyceae 
(Friedl 1997). A monograph on Trentepohliales, with special reference to 
the genera Cephaleuros, PhycopeltiSy and Stomatochroon, is published by 
Thompson and Wujek (1997). 



^) Cladophorophyceae 

The hypothesis, based on ultrastructural features, that the Siphono- 
cladales and Cladophorales (S/C complex) are closely related is sup- 
ported by molecular data suggesting that there is no basis for their inde- 
pendent recognition (Zechman et al. 1990; Bakker et al. 1994). The 
analyses support two principal lineages, of which one contains predomi- 
nantly tropical members including almost all siphonocladalean taxa, 
while the other lineage consists of mostly warm- to cold-temperature 
species of Cladophora. Unclear is the position of BlastophysUy a genus 
which is usually placed in the siphonocladalean family Chaetosiphona- 
ceae based on morphological, cytological and biochemical features 
(Chappell et al. 1991). The ecologically important genus Cladophora 
(Cladophorales) is reviewed by Dodds and Gudder (1992), with some 
reference being given to its taxonomy. 



r\) Bryopsidophyceae 

Molecular data indicate that this is a monophyletic group with two line- 
ages; Bryopsis and Codium (Bryopsidales) comprising one, and Caul- 
erpa, Halimeday and Udotea (Halimedales/Caulerpales) comprising the 
other (Zechman et al. 1990). For information on an extremely harmful 
tropical species of Caulerpa (C. taxifolia) introduced into the Mediterra- 
nean, see Boudouresque et al. (1994) and Bellan-Santini et al. (1996). 
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0) Dasycladophyceae 

Morphological, ultrastructural, biochemical, and limited sequence data 
(Zechman et al. 1990; Bakker et al. 1994) all support monophyly of this 
class. The phylogenetic relationships based on sequence data of 14 spe- 
cies (representing 8 of the 1 1 extant genera) of this class were analyzed 
by Olsen et al. (1994). A comprehensive monograph on this group, in- 
cluding a chapter on systematics, is presented by Berger and Kaever 
(1992). 



b) Streptophyta 

This term has been created by Bremer to combine the following groups 
of green algae and the embryophytes into a single division (see, e.g., 
Huss and Kranz 1997). Most interestingly, a freshwater flagellate (Meso- 
stigma viride), which was previously accommodated in the Prasinophy- 
ceae, has recently been shown to belong to the streptophyte lineage (see 
Melkonian et al. 1995), 



a) Klebsormidiophyceae 

Wilcox et al. (1993) analyzed gene sequences of three members of this 
group and found Chlorokybus (Chlorokybales) to be the most basal 
taxon, followed by the branching of Coleochaete (Coleochateales) and 
Klebsormidium (Klebsormidiales). There is considerable disagreement 
among different authors as to whether a member of this group (e.g., Co- 
leochaete) or rather a Chara-lUke alga was ancestral to the land plants 
(for a discussion, see Huss and Kranz 1997). Lokhorst (1996) made de- 
tailed comparative taxonomic studies on species of Klebsormidium, 



P ) Zygnematophyceae 

Molecular data, as presented, e.g., by Surek et al. (1994), demonstrate an 
evolutionary relationship between members of this class with other 
streptophyte groups. The order Zygnematales is shown to be not mono- 
phyletic (Bhattacharya et al. 1994; McCourt et al. 1995). Thus, Zygne- 
mopsis (filament with twin stellate chloroplasts) appears to be more 
closely related to Mesotaenium (unicell with laminate chloroplasts) than 
to Mougeotia (filament with laminate chloroplasts). The genus Roya 
(usually classified with the Mesotaeniaceae in Zygnematales) appears to 
be closely related to Gonatozygon and Genicularia (Gonatozygaceae, 
Desmidiales; see Park et al. 1996). 
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Classification and general aspects bf biology of desmids are reviewed 
by Gerrath (1993) and Coesel (in Kristiansen 1996) discusses biogeogra- 
phy. Two useful volumes of a desmid flora of Austria are contributed by 
Lenzenweger (1996, 1997), and a final volume of the New Zealand 
desmid flora by Croasdale et al. (1994). 



Y) Charophyceae 

To date, all molecular data sets support the monophyly of the single 
extant order Charales (for two additional extinct orders, see Feist and 
Grambast-Fessard 1991). From analyses of species from each of the six 
extant genera there is support that the Charales/Characeae comprise two 
tribes, i.e., a monophyletic (apparently more derived) tribe Chareae 
(Chara, Lamprothamnium, Nitellopsis, Lychnothamnus), whereas the 
basal topology and relationships of the genera in tribe Nitelleae {Nitella, 
Tolypella) are not so clear (McCourt et al. 1996; Meiers et al. 1997). 

Krause (1997) deals extensively with extant Charales in a new volume 
of the Susswasserflora von Mitteleuropa, Fossil taxa are treated by Feist 
and Grambast-Fessard (1991), and Garcia (1994) discusses their use in 
paleolimnology. Information on the oosporangium of Charales is re- 
viewed by Leitch et al. (1990), and Haas (1994) presents a key for the 
identification of oospores from central Europe. For a current discussion 
of charophyte evolution and the origin of land plants see Huss and 
Kranz(1997). 
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Systematics of the Pteridophytes 

By Stefan Schneckenburger 



Several important conferences were devoted to various fields of pteri- 
dology. Important papers of a biogeography symposium of 1990 were 
published in 1993 (see Sect. 4). A symposium entitled Use of Molecular 
Data in Evolutionary Studies of Pteridophytes was held in Knoxville in 
1994. The proceedings were collected in a special issue of the American 
Fern Journal in 1995. The centenary of Eric Holttum's birthday was 
commemorated with the Holttum Memorial Pteridophyte Symposium 
held at Kew in 1995. Proceedings were published in 1996 under the title 
Pteridology in Perspective (Camus et al. 1996). Of nearly equal impor- 
tance are the papers collected in the Holttum Memorial Volume (Johns 
1997a). A fine book concerning all fields of pteridology (morphology, 
classification, geography, ecology, biosystematics, and chemotaxonomy) 
was presented by Kramer et al. (1995). It is a dad duty to mention the 
deaths of Karl. U. Kramer (1928-1994), who prepared these reports 
during the past decade, of Lenette Rogers Atkinson (1899-1996), a pio- 
neer in the study of fern gametophytes, and of Tadeus Reichstein (1897- 
1996), especially known for his studies on the cytotaxonomy of Asple- 
nium. 



1 Systematics 

A useful overview of species concepts and speciation was given by Hauf- 
ler (1996). He states that "probably all pteridophyte species conform at 
least to the morphological species concept and most are also good bio- 
logical species". A highly recommended paper on the recent state of 
non-molecular phylogenetic hypotheses for ferns was published by 
Smith (1995). An overview of characters and recent phylogenies poses 
problems. There is a consensus about the isolated positions of the 
eusporangiate ferns and about the ancient lineages and general agree- 
ment as to the major evolutionary groups (such as dryopteroid, the- 
lypteroid, blechnoid, asplenioid, polypodioid, dennstaedtioid, and 
pteridoid/cheilanthoid ferns). On the other hand, there are different 
opinions about their origins and interrelationships. This holds especially 



Progress in Botany, Vol. 60 
© Springer- Verlag Berlin Heidelberg 1999 




414 



Systematics and Comparative Morphology 



for the position of such highly modified groups as the filmy ferns or the 
heterosporous ferns. Stevenson and Laconte (1996) presented an overall 
cladistic analysis of familial and ordinal relationships of pteridophyte 
genera and the position of the larger groups of cormophytes. The pteri- 
dophytes are demonstrated as paraphyletic to seed plants with the 
Ophioglossales considered as fern allies instead of ferns. 

Wolf (1996) discussed the use of different genes for phylogenetic 
analysis of pteridophytes. He emphasized the necessity of not relying on 
data from single genes in analyzing such large groups at various taxo- 
nomic levels. Whereas the chloroplast rbcL gene comprises the largest 
molecular data set for pteridophytes, it seems to have its best phyloge- 
netic resolution within and among closely related families. The nuclear 
ribosomal 18S rRNA gene is evolving more slowly and seems to be suit- 
able for the deeper nodes of vascular plant families. Another slowly 
evolving region, the chloroplast 16S ribosomal RNA gene, appears to 
provide a good phylogenetic signal for inferring relationships among the 
major pteridophyte groups. On the other hand, the chloroplast gene 
atpB is evolving slightly faster than rbcL and seems to have potential for 
work at the family and generic level. Similar regions are the ITS-1 region 
of the nuclear ribosomal repeat and another ITS region between mito- 
chondrial ribosome genes. They seem to be valuable within fern genera 
and even species. 

Some of the problems posed by Smith (1995) were brought nearer to 
an answer by analysis of the nucleotide variation in rbcL from 99 genera, 
representing 31 of the 33 extant families (Hasebe et al. 1995). Neighbour 
joining, maximum parsimony, and maximum likelihood methods re- 
sulted in optimal trees that were similar. The main results are: (1). Os- 
mundaceae are the most basal lineage of the leptosporangiate ferns. (2) 
Polypodiaceae, Grammitidaceae and Pleurosoriopsis, a genus which was 
placed in various families, form a monophyletic group which is most 
derived among indusiate ferns. Together with the Davalliaceae, Olean- 
draceae, Nephrolepidaceae, Lomariopsidaceae, Dryopteridaceae, The- 
lypteridaceae, Blechnaceae and Aspleniaceae, they form a monophyletic 
group. The group consisting of the above-mentioned clade and Denn- 
staedtiaceae, Monachosoraceae, Pteridaceae and Vittariaceae is mono- 
phyletic. (3) Dryopteridaceae, and Dennstaedtiaceae are polyphyletic. 
(4) Tree ferns in the Cyatheaceae, Metaxyaceae, and Dicksoniaceae form 
a monophyletic group that emerged early in the evolution of the lepto- 
sporangiate ferns. Furthermore, Plagiogyriaceae and Loxomataceae 
emerge with the tree ferns. (5) Prior to the tree ferns the heterosporous 
ferns diverged, which form a monophyletic group. (6) Schizaeaceae, 
Cheiropleuriaceae, Dipteridaceae, Gleicheniaceae, Matoniaceae, and 
Hymenophyllaceae are basal to the aquatic heterosporous ferns. (7) Psi- 
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lotum and Tmesipteris form a monophyletic group and have no close 
relationship with any leptosporangiate ferns. 

Cladistic analysis of extant ferns based solely on morphological and 
molecular data and on a combination of both sets was presented by 
Pryer et al. (1995). This highly valuable study presents hypotheses also 
on the character evolution in ferns. First of all, it clearly showed the 
value of combining molecular and non-molecular data sets. In all analy- 
ses, monophyly was supported for the following clades: leptosporgan- 
giate ferns (with Osmunda as the most basal genus), heterosporous 
ferns, Cheiropleuria-Dipteris, Diplopterygium-StromatopteriSy tree ferns, 
schizaeoid ferns, and a large clade consisting of a group of derived lepto- 
sporangiate ferns that excludes dennstaedtioids and pteridoids. The 
dennstaedtioid ferns proved to be paraphyletic. 

Roth well and Stokey (1994) reported fossil evidence for a new he- 
terosporous fern genus, HydropteriSy from the Late Cretaceous. Cladistic 
analysis demonstrated that heterosporous ferns form a monophyletic 
group, which led them to adopt the order Hydropteridales, including 
Marsileaceae, Salviniaceae, Azollaceae, and Hydropteridaceae fam. nov. 
Hasebe et al. (1994, 1995) demonstrated the monophyly of the he- 
terosporous ferns based on rbcL sequences. They seem to be more 
closely related to the most derived leptosporangiate ferns than they are 
to the Schizaeaceae, as was considered in the past. The results of Pryer et 
al. (1995) also strongly corroborate a single origin of heterospory in 
leptosporangiate ferns. 

A comprehensive overview of the fossil history of pteridophytes was 
presented by Collinson (1996). Rothwell (1996) discussed the evolution 
and phylogenetic relationships of ferns. After origin of the filicales near 
the base of the Lower Carboniferous and their significant diversification 
during the Carboniferous, all of the well-documented families of this 
time became extinct during the Permian. They were replaced by rela- 
tively primitive families with living representatives from the Permian 
and Jurassic. The majority of modern groups originated during the Cre- 
taceous and, at family and even generic level, by the beginning of the 
Tertiary. 

Valuable contributions to the systematics and floristics of Ophioglos- 
sum (Ophioglossaceae) in southern Africa were made by Burrows (1992, 
1996). With 16 species, this is the region with the highest species diver- 
sity of this genus in the world. A complete revision of southern African 
Ophioglossum was presented by Burrows (1992). The different species 
tend to grow in close proximity to each other. The role of these "genus 
communities" in south-central Africa was pointed out by Burrows 
(1996). This knowledge allows accurate morphological comparisons to 
be made under identical climatic and edaphic conditions. The chromo- 
some numbers and the ploidal levels of North American species of Bo- 
trychium were documented by Wagner (1993). A list of sterile hybrids. 
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together with the hypothetical parents for polyploidal botrychiums, is 
added. 

Our poor knowledge of the marattialean ferns was improved by a re- 
vision of the genus Christensenia (Marattiaceae), which proved to con- 
sist of two species (Rolleri 1993). Spore morphology correlates com- 
pletely with characters of gross morphology (Rolleri et al. 1996). 

A comprehensive paper on the taxonomy of Asplenium (Asplenia- 
ceae) was published by Viane (1993). The correlations of the most di- 
verse characters in the family - with full justification treated as mono- 
generic, vydth a single isolated genus - are outlined from the most diverse 
angles, with, of course, the perispore as the trait d'union. Altogether, 
70% of the species were tested by multivariate analysis. Correlations 
between "microcharacters" of the spore and many other characters of the 
species are generally very satisfactory, but the usefulness of the charac- 
ters is very uneven in different species groups, evolutionary change 
having evidently been quite slow in some, fairly fast in others. Moreover, 
a great deal of parallel evolution must have taken place in a large num- 
ber of species groups. So, "genera" with a single deviating character like 
rudimentary or lacking indusium, reticulate veins, etc. should be in- 
cluded. 

A series of studies of section Hymenasplenium of Asplenium was car- 
ried out by Murakami and collaborators. Described from the Old World 
first with less than 10 species, it was shown that there are about 50-60 
species, including 10 closely related neotropical ones. The neotropical 
species were revised by Murakami and Moran (1993). It was shown by 
Murakami and Schaal (1994) by molecular methods that there are two 
major clades within neotropical species of Hymenasplenium. Molecular 
studies proved the group to be the most basally diverged monophyletic 
group distantly related to any of the remaining species of Aspleniaceae 
(Murakami 1995). The treatment of Hymenasplenium as a separate ge- 
nus, defined by its peculiar dorsiventral creeping rhizome and the basic 
chromosome number n = 39, was proposed. A summary of the current 
knowledge concerning the biosystematics and evolution of the Asple- 
nium trichomanes complex in Europe and the Macaronesian Islands was 
given by Bennert and Fischer (1993). 

The chromosome number of the Hawaiian endemic Sadleria (Blech- 
naceae) was determined by F. S. Wagner (1995) as n = 33 and therefore 
similar to Blechnumy its closest relative. 

In a series of papers, Conant and collaborators presented their inves- 
tigations of the relationships within the Cyatheaceae (Conant et al. 1994, 
1996a, b; Stein et al. 1997), which mark important progress in their 
study. Starting point was the analysis of restriction site data from chlo- 
roplast genome of New World tree ferns. Three major evolutionary line- 
ages were identified: the Alsophila, Cyathea and Sphaeropteris clade. 
Each of them proposed to be recognized at generic level. It remains to be 
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seen whether there are additional, well-defined monophyletic groups 
among the Old World Cyatheaceae. A combined analysis of molecular 
and morphological data resulted in trees that are similar to those de- 
rived from cpDNA data alone, and enabled the definition of the derived 
states for some morphological characters which had been controversially 
discussed in the past. 

The Davalliaceae were completely revised by Nooteboom (1992, 
1994). Besides Davallia, only the genera Davallodes with 7, Leucostegia 
with 2, and Gymnogrammitis with 1 species are accepted. The smaller 
ones were revised by Nooteboom (1992). By far the largest is Davallia, 
which includes the formerly accepted Araiostegia, Humata, and Pachy- 
pleuria (Nooteboom 1994). The formerly estimated number of ca. 90 
species was reduced to 34. Rodl-Linder and Nooteboom (1997) studied 
the spore morphology of the members of Davalliaceae and its taxonomi- 
cal value. Cytological studies support the isolated position of Gym- 
nogrammitis with a basic chromosome number of n = 36, while all other 
Davalliaceae known up to now show n = 40 (Kato et al. 1992). 

The systematic position of the Dennstaedtiaceae was investigated by 
Wolf et al. (1994) by analysis of rbcL, They demonstrated that they 
emerge in a basal clade within the leptosporangiate ferns. Insight into 
the systematics of this complex family was gained by molecular analysis 
also. Wolf (1995) pointed out that this family, as treated formerly, is not 
monophyletic. The genera are grouped in four main clades; even the 
genus Dennstaedtia in the classical sense seems to be paraphyletic. 
Monachosorum, a genus which was thought to constitute a monogeneric 
family in the past, occurs in a clade within Dennstaedtiaceae s.str. This 
was also supported by Hasebe et al. (1995). It remains unsolved whether 
Dennstaedtiaceae s.l. are paraphyletic (Wolf et al. 1994) or polyphyletic 
(Hasebe et al. 1994, 1995). 

Palmer (1994) gives a monographic treatment of the Hawaiian species 
of Cibotium (Dicksoniaceae), one of the highly polymorphic genera of 
the archipelago. 

The discussion about generic limits within Diyopteridaceae was 
opened again by the discovery of the sterile generic hybrid x Dryosti- 
chum singulare by Wagner et al. (1992). This taxon, found in several 
localities in Ontario, is a natural hybrid between Dryopteris goldiana and 
Polystichum lonchitis. Yatskievych (1996) presented a revision of the 
little-known genus Phanerophlebia. He considered Phanerophlebia as a 
monophyletic unit which deserves generic rank within the Dryopteri- 
daceae, and accepted eight species. As a regional contribution, the West 
Indian species of Polystichum were revised by Mickel (1997a). They are 
floristically tied more narrowly to eastern Asia than to continental 
America. A monograph of the highly variable Hawaiian species of 
Dryopteris was presented by Fraser-Jenkins (1994). They are ideal ob- 
jects for further studies of speciation processes. 
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Four new genera of Grammitidaceae were proposed recently. The 
authors argue that all segregates deserve generic rank as undoubted 
monophyletic units within Grammitis sensu latissimo. These are Enter o- 
sora (Bishop and Smith 1992), Micropolypodium (Smith 1992), Mel- 
pomene (Smith and Moran 1992), and Terpsichore (Smith 1993a). Smith 
(1993a) provides a key to the neotropical genera of Grammitidaceae. It is 
highly interesting, and suggestive of antiquity for this family, that most 
of the genera of neotropical Grammitidaceae are also represented by one 
or few species in Africa and islands of the Indian Ocean. Mpst of these 
genera are absent from southeast Asia and the Pacific. The existence of 
receptacular paraphyses was reported by Parris (1997) for Grammiti- 
daceae from Asia, Australia, and the Pacific Islands. The taxonomic 
significance of their occurrence and their types will help to define natu- 
ral groups within this complex and difficult family. 

Evolutionary relationships within the genus Trichomanes s.l. (Hyme- 
nophyllaceae) were studied by Dubuisson (1996), using morphological 
and anatomical characters as well as rfccL nucleotide sequences. Some 
groups, traditionally considered as natural, seemed to be polyphyletic. A 
technique for the investigation of genetic variation in filamentous game- 
tophytes of Trichomanes was presented by Ji et al. (1994). Windisch 
(1992) presented a monograph of the difficult, mainly neotropical 
Trichomanes crispum group of Achomanes, the largest and most taxono- 
mically complex subgenus of Trichomanes. The representation of the 
genus Hymenophyllum s.l. in the Greater Antilles was investigated by 
Sanchez and Caluff (1996). Twenty six taxa are named, 23% of which are 
endemic. The endemism rate of the hymenophyllaceous ferns is not as 
marked as in other fern genera, where one finds rates of 50%. Analysis of 
the genetic variation of the endangered filmly fern Trichomanes specio- 
sum in Europe led to the identification of two forms (Rumsey et al. 
1996). From all sites investigated, only one form was present; only at the 
northwestern extremes of the species range do both occur in close 
proximity. 

After more than 80 years, the insufficiently known fern Thysanosoria 
pteridiformis (Lomariopsidaceae) was collected again in New Guinea. 
Detailed analysis of habitat, morphology, and ecology of this climbing 
fern could be made for the first time (Johns 1996a). 

The relic genus Matonia (Matoniaceae) was revised by Kato (1993a), 
who accepted two truly distinct species. 

One of the main problems in the systematics of filicales are the Poly- 
podiaceae, a highly puzzling group, which has seen more divergent 
treatments than any other fern family. Exemplified with the highly 
puzzling Selligua group, Hovenkamp (1996) demonstrated the inevitable 
instability of generic circumscriptions dependent on cladistic analyses 
with data sets containing parallelisms. Especially within some polypodi- 
aceous groups, many characters formerly considered as important for 
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generic delimitation are now recognized as showing large numbers of 
parallelisms. 

Morphology, development, and evolution of the spore wall were 
studied by van Uffelen. The study of sporogenesis of several taxa (van 
Uffelen 1992, 1993) was followed by an analysis of the value of spore 
characters in phylogenetic analysis (van Uffelen 1993, 1997). As four 
main types of spores are known, and as exospore formation has been 
studied in only a small number of species, the succession of wall surface 
patterns during exospore formation cannot often be used to elucidate 
relationships between species or genera at the moment. Of seven peri- 
spore types which were distinguished earlier, none elucidates relation- 
ships in the family, as the number of species of a certain type is either 
very limited or very large and occurring in distantly related groups. 
Studies of sporogenesis, especially of the exospore, are urgently needed 
in related groups. 

The Polypodium vulgare complex was studied by several authors. In a 
broad circumscription, it contains 17 species, which are connected by 
reticulate speciation (Haufler et al. 1995b). Neuroth (1996) emphasized 
the study of the relationships between some diploid taxa: Macaronesien 
P. macaronesicum s.l. and P. cambricum^ widespread around the Medi- 
terranean area. They are closely related, but should be separated at an 
infraspecific level. Chloroplast DNA restriction site data suggest the 
monophyly of this complex. Two distinct diploid species groups were 
found and multiple, and in three cases, reciprocal origins of tetraploids 
were revealed (Haufler et al. 1995a). Two little-known small genera of 
Malesian ferns were revised: Thylacopteris (Rodl-Linder 1994a) and 
Polypodiopteris (Rodl-Linder 1994b). Microsoroid ferns were mono- 
graphed by Nooteboom (1997). He recognized Leptochilus (9 species and 
1 hybrid), the monotypic Podosorus, and Microsorum (49 species, includ- 
ing Phymatosorus and Neocheiropteris), Zink (1993) revised the African 
and Madagascan species of Lepisorus, maintaining 9 of them. A nomen- 
clatural and bibliographic list of the Asiatic species - the majority - is 
added. The Old World genus Belvisia (8 species)^ characterized by ster- 
ile/fertile hemidimorphism and reaching from tropical Africa to China, 
Polynesia, and Australia, was revised by Hovenkamp and Franken 
(1993). 

A series of very interesting papers (Gay 1993b, Gay and Hensen 1992; 
Gay et al. 1994) deals with the taxonomy, morphology, ecology, and bio- 
geography of the epiphytic Malesian ant fern Lecanopteris. The genus 
comprises 13 species with expanded rhizomes which shelter ants in a 
mutualistic association. After detailed investigations of the morphology, 
rhizome architecture, and evolution (Gay 1993b), a taxonomic revision 
is given by Gay et al. (1994). The loose taxon specifity between ants and 
hosts, together with the behaviour of the insects in respect to the differ- 
ent morphology of the host plants is discussed by Gay and Hensen 
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(1992). rbcL studies revealed the monophyly of the genus (Grammer and 
Haufler 1997). 

A very puzzling group are the cheilanthoid ferns (Pteridaceae s.l.). 
rbcL-based studies of 25 from 200 species allowed new and promising 
insights in the phylogeny and the circumscription of genera (Gastony 
and Rollo 1995). Some genera proved to be polyphyletic (e.g. Pellaea, 
Cheilanthes). Some recent removals from Notholaena to Cheilanthes and 
the separation of the genus Argyrochosma were supported. Unfortunate- 
ly, the newly descibed segregate genus Astrolepis (Benham and Wind- 
ham 1992) was not taken into account. The monotypic Llavea proved to 
be no member of the cheilanthoids s. str. ParagymnopteriSy another seg- 
regate genus of Hemionitis s.l., was proposed by Shing (1993). 

The genus Mohria (Schizaeaceae) was revised by Roux (1995). It was 
thought to consist of only three species in the past, but intense research 
on anatomy, morphology, and karyology led to the conclusion that 
seven species have to be distinguished. 

The Vittariaceae, a family with a distinctive circumscription but some 
controversities in generic and subgeneric taxonomy was analyzed by 
Crane et al. (1995). rbcL analysis confirmed the limits of the family and 
led to the recognition of more strictly circumscribed monophyletic gen- 
era, partly formerly recognized at a subgeneric level of Vittaria and An- 
trophytum, respectively. 

Wagner and Beitel (1992) discussed the generic classification of North 
American Lycopodiaceae, together with a convincing treatment of genus 
recognition in pteridophytes overall, differentiating characters, and 
possible character trends. Seven genera in three subfamilies are recog- 
nized. Wagner (1992) presented a list of the published chromosome 
numbers of Lycopodium s. 1. together with a discussion of cytological 
problems within this family. Evidence in support of a base number of 1 1 
is presented. Furthermore, the author evaluates the role of allohomo- 
ploid nothospeciation, rarely found in true ferns, but relatively common 
in Lycopodiaceae. An attempt to survey the diversity and variation of 
the nearly 185 species in the genus Lycopodium s. 1. in the neotropics 
was given by 011gaard (1992). 

Habitat, evolution, and speciation in Isoetes (Isoetaceae) were dis- 
cussed by Taylor and Hickey (1992). Diversity has evolved by a series of 
habitat adaptations that have resulted in morphological simplicity, ho- 
moplasy, and reticulate evolution of this genus, which primitively was 
aquatic. 

2 Bibliography, Collections, Nomenclature 

Supplements 6 and 7 of Index Filicumy covering the period from 1976 to 
1995 (Johns 1996b, 1997b) were published by the Royal Botanic Gardens, 
Kew, which will be responsible for the continuation of the series. 
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Pichi Sermolli (1996) compiled the authors of scientific names in 
pteridophytes. He includes information on the citation and spelling of 
authors' names, particularly Chinese names, together with a selected 
bibliography. Many bibliographic corrections for the citations of family 
names for pteridophytes are given by Pichi Sermolli (1993). Standardi- 
zation of the classification for the families of pteridophyta for the users 
of taxonomic information was proposed as a Scientific Consensus Clas- 
sification by Hennipman (1996). The author combined the taxonomic 
work between 1947 and 1990 with the cladograms of Hasebe et al. (1995), 
and proposed a comprehensible and practical classification which seems 
to ensure a minimum of stability of names for the future. Biographies 
and bibliographies of some important pteridologists were published. To 
be mentioned are R. E. Holttum (Steam 1996; Price 1996; Edwards et al. 
1997), K. U. Kramer (Zink 1995), T. Reichstein (Schneller 1997), L. R. 
Atkinson (Mickel 1997b), and R. E. G. Pichi Sermolli (Bizzarri 1992). 

A Group of Pteridologists (GEP) was found in 1994 (Viane 1996). The 
main goal of this group, not residing under the umbrella of lAP, would 
be to promote cooperation between specialists and amateurs. 



3 Floristics 

a) Asia, Australia, Pacific 

Parris et al. (1992) published an annotated checklist of ferns and fern 
allies of Mount Kinabalu, one of the most interesting floristic regions of 
Malesia. They list about 610 species, belonging to 28 families and 145 
genera. About 50 species seem to be endemic to Mt. Kinabablu. Various 
fern families of Ambon and Seram were treated by Kato (1992, 1994a, b, 
1996), and Kato and Parris (1992). Iwatsuki et al. (1995) published the 
first volume of the Flora of Japan, which covers pteridophytes and gym- 
nosperms. Within the Flora of Australia series, the pteridophytes of the 
offshore islands (Norfolk, Lord Howe, Christmas, Macquarie, and oth- 
ers) were treated by DuPuy and Orchard (1993) and Green and Tindale 
(1994). A "picture book" with 130 coloured photographs of the 90 native 
pteridophyte species (8 endemic) of the Mariana Islands was produced 
by Raulerson and Rinehart (1992). Within the framework of a pterido- 
phyte flora of Hawaii, which includes approximately 225 native and 
naturalized taxa, W. H. Wagner (1995) published an interesting overview 
of evolution and conservation aspects. Valier (1995) presents a selection 
of 60 Hawaiian native ferns and fern allies in a nicely illustrated booklet. 
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b) Africa, Macaronesia 

An annotated checklist of Malawi's pteridophytes, including 219 species, 
was presented by Burrows and Burrows (1993). Since the last floristic 
treatment in the Flora Zambesiaca (1970), an increase of 24% in the total 
number of taxa is reported. A checklist of vascular plants of Macaronesia 
(Azores, Madeira archipelago. Salvage Islands, Canary Islands, and Cape 
Verde Islands) was presented by Hansen and Sunding (1993). The pteri- 
dophytes of Canary Islands and Madeira are covered by Hohenester and 
Weiss (1993) and Gibby and Paul (1994), respectively. 



c) Europe 

Volume I of the 2nd edition of the Flora Europaea was published by 
Tutin et al. (1993) and covers the pteridophytes of continental Europe. 
Fischer and Lobin (1995) presented an illustrated treatment of the Euro- 
pean pteridophytes. Additional lists provide the species found in Tur- 
key, on the Azores, Madeira, the Canary Islands, and Cape Verde Is- 
lands. Distribution maps of all pteridophytes occurring in Eastern Ger- 
many are included in an atlas of vascular plants of the former GDR area 
(Benkert et al. 1996). After first records in Great Britain, persisting 
colonies of gametophytes of the filmy fern Trichomanes speciosum were 
found at various places in Europe (NE France, adjacent Germany, and 
Luxembourg: Rasbach et al. 1993, 1995; NW Germany: Bennert et al. 
1994; E-Germany, Czech Republic: Vogel et al. 1993). Sporophytes of this 
species in Europe are of an extreme oceanic distribution. The highly 
specialized gametophyte communities can be regarded as relicts of times 
with a warmer and moister climate. The habitats were studied in detail 
by Rasbach et al. (1995). 



d) America 

Beginning in the north, the excellent pteridophyte part of the multivol- 
ume Flora of North America - North of Mexico was published in 1993 by 
the Flora of North America Editorial Committee. It contains keys, de- 
scriptions, distribution maps, and beautiful figures. Volume 1 of the 
Flora Mesoamericana (Davidse and Sousa 1995; in Spanish) deals with 
Central America (geographically from the Mexican Chiapas and Tabasco 
provinces to southern Panama). One hopes that such regional floras, 
which are understandable for many local workers in floristics and con- 
servation, will help these countries towards a better understanding of 
their natural resources. A treatment of the pteridophytes of Nueva 
Galicia (Western Mexico) was presented by Mickel (1992). The pterido- 
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phytes represent a mixture of species of the wetter regions in southern 
Mexico and the drier regions in northern Mexico. The Hymenophyl- 
laceae of Mexico were completely revised by Pacheco (1994). A detailed 
phytogeographical analysis of the pteridophytes of the state of Veracruz 
(Mexico) was presented by Palacios-Rios and Gomez-Pompa (1997). All 
ferns and fern allies of Honduras were listed by Nelson Sutherland et al. 
(1995). There are 651 species in 109 genera; 5 species are considered as 
endemic. 

Within the Flora of the Venezuelan Guayana series, Volume 2 was 
published in 1995 (Steyermark et al. 1995).The pteridophyte section was 
coordinated by A. R. Smith, who also wrote most of the treatments with 
assistance from seven specialists. The beautifully illustrated Flora con- 
tains 671 species in 92 genera with 93 species (14%) endemic to the Flora 
region and 144 species (22%), including the family Hymenophyllopsi- 
daceae and nearly all of the genus Pterozonium are endemic to the Gui- 
ana Shield. Five families are treated in two new fascicles of the Flora of 
the Guianas (Gorts-van Rijn 1993, 1994). A complete checklist of the 
pteridophytes of the Guianas was published by Boggan et al. (1997). The 
first part of a well- illustrated guide to the vascular plants of central 
French Guiana was presented by Mori et al. (1997). It provides keys and 
descriptions for nearly 200 pteridophyte species. 

The Ecuadorean members of the tribe Physematieae (Dryopterida- 
ceae) were revised by Stolze et al. (1994). The Flora of Peru series on 
pteridophytes was completed by Tryon et al. (1992, 1993, 1994). The last- 
mentioned fascicle contains a comprehensive index to names, a list of 
species to be added to the foregoing parts, and considerations of pteri- 
dophyte diversity in respect to ecology and geography of Peru. Ende- 
mism and diversity of Peruvian pteridophytes were analysed by Le6n 
and Young (1996) in detail. Both concentrate at higher elevations, espe- 
cially in humid montane forests. With the Atlantic Ocean draining basin 
containing 71% of Peru's surface area and 97% of the pteridophyte spe- 
cies, Peru shows a strong assymetry in distribution patterns. The main 
part of Vol. 1 of Flora de Chile (Marticorena and Rodriguez 1995, in 
Spanish) is dedicated to ferns and fern allies. In total, 167 taxa are 
treated in this well-illustrated book. 



4 Geography, Ecology, and Biodiversity 

A series of papers dealing with changing concepts in the biogeography of 
pteridophytes resulting from an earlier symposium were published in 
1993. The use of phytogeographic principles in explaining fern relation- 
ships was elucidated by Smith (1993b), together with a discussion of the 
role of special aspects of fern biology (e.g. long-distance dispersal by 
spores). Kato (1993b) reviewed the recent literature on dispersal and 
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vicariance as historical explanations for fern distribution. Barrington 
(1993) analysed the power of explanations for disjunctions and endemic 
centres in ferns, with emphasis on isolating mechanisms. Similar to an- 
giosperms, the pteridophyte flora of tropical Africa is depauperate in 
comparison with South America and Southeast Asia. The importance of 
shifting of climatic zones due to continental drift during the Tertiary and 
climatic oscillations during the Quaternary was discussed by Kornas 
(1993). Kramer (1993) compared the distribution patterns of pterido- 
phytes and spermatophytes. Whereas one finds similar patterns at the 
level of principal families, the pteridophyte genera are, in general, more 
widespread. Primitive genera tend to occupy special habitats and/or 
show special growth forms in ferns, rather than concentrating in geo- 
graphic relict areas as angiosperms do. Aspects of endemism, diversity 
centres, threats, and conservation are discussed by Given (1993) in con- 
sideration of increasing threats to strongly habitat-specific ferns. 

The variability of small isolated populations of Asplenium septen- 
trionale was studied by Holderegger and Schneller (1994). All three 
populations investigated by isozyme electrophoresis could be distin- 
guished genetically from each other. Only one showed internal variation. 
Herbarium studies proved that these strongly isolated populations of 
plants of only a few individuals with low genetic variability are capable 
of surviving for long periods with a very low extinction rate, a fact of 
importance in conservation biology. These studies were followed with 
the investigation of colonisation effects and genetic variability within 
populations of Asplenium ruta-muraria (Schneller and Holderegger 
1996a). Populations on recently built walls showed almost no genetic 
variability. It increased on older walls and reached a maximum in natu- 
ral habitats. General methodological discussions are found in Schneller 
and Holderegger (1996b). 

Poulsen and Nielsen (1995) documented the contribution of pterido- 
phytes to the flora of 1 ha of Amazonian primary rainforests in Ecuador 
(elevation ca. 250 m). They found a total of 50 species, comprising 16 
terrestrial species, 3 scandent species, 6 species of climbers and 25 epi- 
phytic ones. In total, they represent less than 5% of the total number of 
the vascular plant species in this area. Similar studies with comparable 
results were carried out in Brunei and in northwest Borneo (Poulsen 
1996a, b). 

The role of soil spore banks of temperate ferns was analysed by Dyer 
and Lindsay (1992). At least some temperate fern species form a persis- 
tent soil spore bank. Spores thus achieve dispersal of genotypes in time 
as well as space. The widespread existence of spore banks reinforces the 
interpretation of gametophytes as non-competitive weedy opportunists 
colonising temporary open habitats, even when the sporophyte phase of 
the same life cycle is a long-lived perennial of late-successional vegeta- 
tion. Their role as a resource for conservation measurements was dis- 




Systematics of the Pteridophytes 



425 



cussed by Dyer and Lindsay (1996). Studies of three sympatric species of 
Botrychium in Alberta (Canada) by Lesica and Ahlenslager (1996) re- 
vealed a short lifespan and association with disturbed habitats which led 
to the suggestion of the necessity of natural disturbance regimes for 
long-term persistence. 

Aspects of spore dispersal in Selaginella in respect to heterospory and 
the effect of wind were discussed by Filippini-De Giorgi et al. (1997). A 
conference held in the New York Botanical Garden in 1993 delt with 
biodiversity and conservation of neotropical montane forests. 011gaard 
(1995) showed that 83 species of Huperzia are known from this area, 
whereas the Andes include more than a half, almost 50% of them en- 
demic. Eighteen of 24 species of the Brazilian montane region are en- 
demic, many of them taxonomically isolated. A detailed analysis of 
montane pteridophytes of Costa Rica was presented by Mehltreter 
(1995), who adds a complete list of species. Of 1099 peridophytes re- 
corded for Costa Rica, only 282 occur in the higher montane area 
(< 2500 m), but only 56 are restricted to these regions, with 22 being 
endemic. The importance of mountains to neotropical pteridophytes by 
impeding migration and promoting species richness and endemism was 
pointed out by Moran (1995). The Andes with 2000 species, and the 
montane regions of SE Brazil with 600 are in sharp contrast to the Ama- 
zonian lowland with only 300 species, making it the most species-poor 
region for pteridophytes in the Neotropics. Comparable numbers are 
given by Parris et al. (1992) for SE Asia: the species and genus richness in 
the Mount Kinabalu region is highest around 1500 m. Pteridophyte di- 
versity in Malesia and New Zealand was measured by counting taxa in 
several 0.5-ha plots by Parris (1996). The highest numbers of taxa were 
found in lower montane forest in Sabah and Seram (ca. 95 taxa/plot), the 
lowest in coastal lowland mixed dipterocarp forest in Sabah (18 spe- 
cies/plot) and in Nothofagus forest (18 species/plot) and subalpine scrub 
in New Zealand (4 species/plot). 

The ecology of the Malesian ant-fern Lecanopteris (Polypodiaceae) 
was investigated by Gay and others (see Sec. 1). Barthlott et al. (1994) 
were able to show that young nymphs of the neotropical, semiaquatic 
grasshopper Paulinia acuminata are well camouflaged by colour and 
surface structure which cannot be distinguished from the leaves of their 
food plant, Salvinia auriculata. Young nymphs as well as the leaves are 
extremely water-repellent because of epicuticular waxes with similar 
ultrastructure based on functional analogy. The salt tolerance of the 
mangrove fern Acrostichum danaefolium was studied under laboratory 
conditions as well as in natural sites (Sanchez Pena 1994). The sporo- 
phytes proved to have a high salt tolerance, which is caused by the abil- 
ity to retain Na and Cl within the roots. Growth is promoted by low sa- 
linity. 
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5 Conservation 

The Pteridophyte Specialist Group of the lUCN elaborated an action 
plan for future conservation aims (Given 1992). Thorough investigations 
of the pteridophyte records from several sources from Trinidad and 
Tobago, combined with a risk index rating, show that 52.8% of the 307 
species are at risk to varying degrees (Baksh-Comeau 1996). An anno- 
tated list of threatened ferns and fern allies of Cuba was published by 
Villaverde and Caluff (1997). They mention 82 of 600 species (14%) un- 
der threat, an astonishingly low number. The pteridophytes of Italy, 
classified as being threatened in Italy by the Bern Convention, are pre- 
sented by Cellinese et al. (1996) with detailed distribution maps, brief 
plant profiles, and figures. A red data book on Cape Verde Flora and 
Fauna includes a detailed red list of the native pteridophytes (Lobin and 
Ormonde 1996). Threatened and local plants are listed regularly for New 
Zealand, latterly Cameron et al. (1995). A new red data book of German 
plants was published by Korneck et al. (1996). From 77 pteridophyte 
species recorded from Germany, 49% are under threat, a higher percent- 
age than in spermatophytes (31%). Ecology and conservation principles 
of endangered ferns were discussed by Bennert et al. (1995). In germina- 
tion experiments with 31 species of pteridophytes at risk in Germany, 
Bennert and Danzebrink (1996) observed a germination rate close to 
100%, but were successful in raising young sporophytes only in those 20 
species which require light for germination. Raine and Sheffield (1997) 
described a method for aseptic culture of gametophytes of the filmy fern 
Trichomanes speciosum from gemmae. Douglas and Sheffield (1992) 
tested existing and novel artificial growth systems for the production of 
fern gametophytes. They showed that agar-based plate culture does not 
yield maximum growth results; the greatest biomass developed in air-lift 
fermenter cultures. 

Conservation status and distribution of two serpentine restricted As- 
plenium species in Central Europe were discussed by Vogel (1996). Ecol- 
ogy and conservation of the filmy fern Trichomanes speciosum in Britain 
and Ireland were treated by Ratcliffe et al. (1993). There are approxi- 
mately only 50-100 plants in 43 colonies. Sporophyte establishment ap- 
pears to be most critical under a climate that is marginal for its tempera- 
ture requirements. 



6 Morphology and Anatomy 

A very important contribution to our knowledge of pteridophyte ana- 
tomy was presented by Schneider (1996a, b) with a comparative study of 
root anatomy. The great number of 608 species from 170 genera of all 
families was investigated, mostly for the first time. While rhizodermis 
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and central cylinder showed only slight variations, the most variable 
structure was the cortex. According to the degree of complexity of the 
cortex tissues, altogether ten root types were distinguished. It was de- 
monstrated that root anatomy is very valuable in fern systematics, espe- 
cially at family level. In most fern families (e.g. Polypodiaceae) all spe- 
cies have the same root type independently of their growth forms such 
as epiphytes, rheophytes, etc. Stiitzel and Gailing (1995) showed that the 
irregular phyllotaxis of ferns with horizontal rhizomes with the fronds 
arranged only in its dorsal part is not due to secondary shifts, but to the 
fact that ramenta and leaves are part of the same, regular ontogenetic 
pattern. They demonstrated that paleae show the same ontogenetic 
mode and pattern as leaves. Gailing (1995) investigated ferns with erect 
rhizomes. The fronds are not replaced by ramenta in one ontogenetic 
spiral. The ramenta are always inserted in the area between the fronds in 
the same way as is described for their emergence in angiosperms. Loma- 
gramma guianensis (Dryopteridaceae) shows a unique vegetative com- 
plexity with two completely distinct rhizome forms. Architectural field 
studies (Gay 1993a) and detailed analysis of morphogenesis (Hebant- 
Mauri and Gay 1993) showed that Lomagramma employs a single type of 
rhizome, similar in morphogenesis and structure but varying in morpho- 
logical expression and behaviour. Similar control and complexity of the 
growth cycle can be found in some angiosperms such as the Araceae. 
Andersen and 011gaard (1996) proposed a recommendable standardiza- 
tion of the morphological terms of the unique leaf in the Gleicheniaceae. 
A clearer distinction between terms used for shoots and shoot branch- 
ings on the one had and for leaves and their divisions on the other 
should be aimed at in future. A recommendable terminology for the 
classification of ornamentation of pteridophyte spores was proposed by 
Lellinger and Taylor (1997). 

Fertilization in Athyrium filix-femina was studied in situ by using 
video microscopy (Fasciati et al. 1994a). Plasmogamy and karyogamy in 
the same species were investigated by light and electron microscopy 
(Fasciati at al. 1994b). Fascinating photographs and detailed analysis of 
the processes with many new findings are presented. 

The occurrence of vascular tissue in older female gametophytes of 
Phegopteris polypodioides (Thelypteridaceae) was reported by Bao et al. 
(1997). This phenomenon was not seen until now in gametophytes of 
higher ferns. Frey et al. (1994) analysed the sporophyte-gametophyte 
junction in Tmesipteris (Psilotaceae). They detected gametoph)^ic 
transfer cells and intruding sporophytic haustorial cells. Similar struc- 
tures are known from Anthocerotae, and a closer relationship between 
the Psilotatae and the hornworts seems to be probable. Whittier and 
Braggins (1992) were successful in growing young gametophytes of the 
poorly known Phylloglossum drummondii (Lycopodiaceae) from spores 
in axenic culture. The results suggest that Phylloglossum is not as similar 
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to the subgenus Lepidotis of Lycopodium as once thought and remains of 
enigmatic systematic position. Whittier (1996) proved the possibility of 
extending the viability of the short-lived spores of Equisetum hyemale 
for more than a year by freezing them at -70 °C. 

To complete this section, the comprehensive review of White and 
Turner (1995) on the anatomy and development of the fern sporophyte 
(apical meristems, development of branches, and vascular tissues) 
should be mentioned. Especially the role of the shoot apical cell as a 
single apical initial of the meristem was reconfirmed during the past 
years. 



7 Chemosystematics 

A modern overview on chemistry and chemotaxonomy of pteridophytes 
was given by Wollenweber (in Kramer et al. 1995). A review of the occur- 
rence of diterpenes and triterpenes in leaf exudates of angiosperms and 
pteridophytes was published by Wollenweber (1996). Phloroglucinol 
derivatives in Dryopteris sect. Fibrillosae and related taxa were studied 
by Widen et al. (1996) on a worldwide basis. They are remarkably con- 
stant in most taxa, a reflection of their common origin from a few dip- 
loid apomictic taxa by hybridisation. The highly specific leaf flavonoids 
of some Dicranopteris taxa were studied by Yusuf (1995). Major fla- 
vonoids are flavonols and flavones with glycosidic combinations. A se- 
ries of papers is dedicated to the study of the terpenes of cheilanthoid 
ferns. An overview of their structures is found in Arriaga-Giner et al. 
(1997). Flavonoid aglycones and a novel dihydrostilbene from the frond 
exudate of Notholaena niveUy together with the review of notholaenic 
and isonotholaenic acids in further species of this genus, were reported 
by Wollenweber et al. (1993). In Macrothelypteris torresiana drimane 
sesquiterpenes were found in ferns for the first time (Siems et al. 1996). 

Smith and Seawright (1995) reviewed the carcinogenicity of bracken 
fern (Pteridium spp.) for humans. It is well known as causing cancer 
naturally in sheep and cattle. The major carcinogenic substance is 
ptaquiloside, a water-soluble norsequiterpenoid glycoside, which can be 
transferred through milk ( Alonso- Amelot et al. 1996). There is epide- 
miological evidence that the bracken causes cancer in man especially by 
indirect consumption of milk of local cows. Ptaquiloside at rates which 
are dangerous for cattle has also been reported from the Australian 
Cheilanthes sieberi (Smith et al. 1992). Fifteen other fern species from 
Dennstaedtiaceae, Dicksoniaceae, and Pteridaceae containing ptaquili- 
sodes or ptaquiloside-like mutagenic compounds are listed by Smith 
(1997). 
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8 Ethnobotany, Uses 

Christensen (1997) studied the knowledge and importance of ferns 
within two small indigenous rural communities in Sarawak (Borneo). 
Their most important uses are as vegetables, less intensively as fibres, 
and for medical purposes. They are recognised as a separate life-form, 
and a well- developed taxonomy indicates their long continual use. Wag- 
ner (1997) reviewed the biology and utilisation of Azolla. After a treat- 
ment of its taxonomy, distribution, morphology, physiology, reproduc- 
tion, and development, a comprehensive review of its manifold utilisa- 
tion is given. Besides its use as biofertilizer, Azolla can be used as an 
animal feed. (A. caroliniana in carp diet, Mohanty and Dash 1995), a 
medicine, and a water purifier. 

Mickel (1994) and Denkewitz (1995) produced two attractive and lav- 
ishly illustrated books on ferns in horticulture which should be men- 
tioned at the end of this section. Whereas Mickel gives a comprehensive 
account on species, varieties, etc. (more than 500 kinds of hardy ferns 
are mentioned), Denkewitz puts emphasis on garden and landscape ar- 
chitecture. 
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Lichenized and Lichenicolous Fungi 1995-96 

By Harrie J. M. Sipman 



1 Introduction 

The exploration of lichen biodiversity continued at a high rate in 1995- 
1996. The number of newly described species again exceeded the figures 
for the preceding 2-year period (see Fig. 1). At least 22 genera of li- 
chenized fungi and 1 1 of lichenicolous fungi were described. At species 
level these figures are 418 and 144. The discovery of so many new species 
is certainly strongly supported by recently opened character complexes 
like secondary product chemistry and ascus tip structure, but perhaps 
even more by the availability of ample new herbarium collections and an 
increasing attention to crustose lichens. Particularly spectacular is the 
result of increased attention to lichenicolous fungi (Fig. 1). 

Once more, over one third of the new taxa was found in the northern 
extratropics. This may be unexpected, because it is the world’s best- 



Number of 
new taxa 




Fig. la-d. Comparison of numbers of newly described genera (a) and species (b) of li- 
chenized fungi and genera (c) and species (d) of lichenicolous fungi over the periods 
1991-1992, 1993-1994 and 1995-1996. Figures based on the literature evaluated for the 
lichenology contributions in Progress in Botany, without claim to completeness 
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investigated area. It shows that even this area is very incompletely 
known, in spite of its concentration of taxonomic infrastructure, experts, 
libraries and herbaria. Within the northern extratropics the exploration 
of North America was particularly productive. The figures for the south- 
ern extratropics are distinctly lower this time, about one fifth of the to- 
tal, while the number of taxa described from the tropics equals the fig- 
ures from the northern extratropics. This suggests that the study of the 
tropical lichen flora is receiving more attention than before. Provision- 
ally excluded from the figures of Fig. 1 for reasons presented below is the 
investigation of Lecanora s,L by Motyka (1995/1996), which claims an- 
other 7 new genera and 200 new species from Europe. 

Recognition of taxa from descriptions is often more difficult in li- 
chens than in other groups of organisms. This is caused by the plastic 
morphology of lichens, which is difficult to catch in words. Conse- 
quently, experts in the past gave the urgent advice never to trust a result 
obtained with an identification key alone, but always to compare with 
reliably identified herbarium material, which means the restriction of 
serious lichen study to the few places in the world with an adequate li- 
chen herbarium. Illustrations so far have been able to overcome this 
only to a very limited extent, e.g. for some anatomical details. Now 
Wirth (1995) has produced a flora for southwestern Germany with many 
colored pictures of such high quality that the dependence on a compari- 
son in the herbarium is much reduced. Indeed, this work has a very 
stimulating effect on lichen research in Germany and beyond. 

Three Festschrifts were published, for Christian Leuckert on the oc- 
casion of his 65th birthday and retirement (Bibliotheca Lichenologica 
57), Antonin Vezda on the occasion of his 70th birthday (Bibliotheca 
Lichenologica 58) and Gerhard Follmann on the occasion of his 65th 
birthday and retirement (Daniels et al. 1995). They constitute important 
collections of literature on a wide range of subjects. Another important 
group is formed by the Proceedings of the 2nd lAL meeting in Lund 
(Cryptogamic Botany 5). A sad event was the death on 3 June 1995 of 
Josef Poelt, the father of the postwar revival of lichenology in central 
Europe. 

A new textbook became available. Lichen Biology (Nash 1996), with 
chapters on photobionts, morphology, anatomy and morphogenesis of 
thallus, physiology, biochemistry, population biology, geography, sys- 
tematics, and air pollution, written by various specialists. 
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2 Character Investigation 

a) Morphology and Anatomy of the Mycobiont 

Perhaps the most surprising contribution was made by Gilbert (1996a), 
who reports the occurrence of albino ascomata in lichens. This seems 
quite reasonable, since in secondary compound studies zero content 
races are regularly found. He found albinos in Lecanorales (Bacidia, 
Catillaria, Lecidea, Micarea, Porpidia, Protoblastenia), Graphidales 
(Phaeographis) and in pyrenocarps {Acrocordia gemmata, Polyblastia, 
Verrucaria), They have been misunderstood in the past, and a new ge- 
nus was even based on them, Leucocarpopsis. 

Some interesting new or little-known character complexes used: 
Rambold (1995) demonstrated taxonomically significant differences in 
the septa of medullary hyphae, seemingly of value at higher systematic 
levels. Hammer (1996) uses meristeme development as distinguishing 
character between Cladonia floridana and C. atlantica. A neglected 
character is the presence of mucilaginous attachments of ascospores. 
Apart from the well-known gelatinous layer ("halo"), other forms may 
occur, as shown by Roux and Sdrusiaux (1995). They observed mucoid 
appendages of ascospores in RaciborskiellUy which are similar to those of 
conidia in Strigula and Raciborskiella (Fig. 2). A frequently used surface 
structure in lichens, which causes problems in particular to beginners, is 
the so-called pruina, with a supposed similarity to hoarfrost. It is usually 





Fig. 2. Ascospores with characteris- 
tic mucilaginous appendages of 
Raciborskiella janeirensis (after 
Roux and Serusiaux 1995); spores 
mostly split; total length is about 
50 |im 
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composed of oxalate crystals, sometimes anthraquinone crystals. Heid- 
marsson (1996) investigated the cortex of Dermatocarpon by TEM and 
found the "pruina" to reflect a different cortex type with noncollapsed, 
broken cells. 



b) Chemotaxonomy 

The taxonomic significance of chemical differences is controversially 
discussed. Some pigments seem highly specific at genus level, e.g., the 
epithecium pigments of Aspicilia or Lecidea. Accordingly, Hafellner and 
Kalb (1995) propose a new generic division of Trichotheliaceae using 
ascocarp wall pigments (see below). 

In the Teloschistaceae many species are covered by anthraquinones 
giving them a yellow to red color. Slight differences in color are often 
helpful to recognize species, which suggest that they are based on 
chemical differences. However, Arnold and Poelt (1995) analyzed an- 
thraquinone content of Xanthoria species and found that mostly the 
same substances were present. The color differences are probably de- 
pendent on concentration differences. 

An improved method to recognize gyrophoric acid and its satellites in 
Umbilicariaceae was proposed by Narui et al. (1996), who used an im- 
proved gradient high-performance liquid chromatographic method. 
Tabacchi et al. (1995) used tandem mass spectrometry (MS-MS) to 
identify triterpenes in Evernia prunastri. Seaward et al. (1995) use FT- 
Raman microscopic studies to investigate the contact zone of Haema- 
tomma ochroleucum var. porphyrium with its substrate. The method 
allows recognition of calcium oxalates and phenolic lichen compounds. 



c) Photobiont 

After the discovery that different Trebouxia species can be associated 
with the same mycobiont species, evidence is now presented that the 
association can also be very specific. Tschermak-Woess (1995a) found 
the phycobiont of Phlyctis argena, Dictyochloropsis splendiduy to be 
constant in 150 samples from 50 localities throughout Europe. Nakano 
and Ihda (1996) found Trentepohlia lagenifera as the only photobiont in 
nine specimens of Pyrenula japonica. 

Reduced size of the photobiont of Sticta canariensiSy as compared 
with the same species in other lichens or in free state, was reported by 
Tschermak-Woess (1995b). 
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d) Molecular Biology 

Various investigations were made using macromolecules for taxonomic 
purposes. The redelimitation of the genera lonapsis and Hymenelia 
(Lutzoni and Brodo 1995) was supported by an enzyme electrophoretic 
study. For immunological studies Pelkonen et al. (1995) offer an im- 
proved method of ultracryomicrotomy. 

Preparatory studies for the application of DNA and RNA included a 
method for purification of DNA from lichens (Armaleo and Clerc 1995) 
and a quantitative investigation of RNA production in Cladonia cris- 
tatella (Brink et al. 1995). DePriest (1995) investigated ribosomal DNA 
in the Cladonia chlorophaea complex and found extensive length and 
restiction site variation resulting from variable sequence insertions 
(introns). She presents a discussion of introns, and concludes that the 
variation has relevance at species level. 

Beard and DePriest (1996) studied rDNA in Cladina subtenuis and 
found polymorphism in SSU rDNA between mats but not within mats, 
suggesting that the latter are genetic individuals, and that macromolecu- 
lar evolution has occurred in the species. 

An analysis of 18S rDNA sequences was used by Eriksson and Strand 
(1995) to investigate the relationships of Nephroma, Peltigera, and 
Solorina. Peltigera and Solorina appeared to be closest relatives, and all 
three together are closer to Lecanorales than to Leotiales or Pezizales. 

The phylogenetic relations of Omphalina were investigated by Lut- 
zoni and Vilgalys (1995a) by means of a ribosomal DNA analysis. They 
found that the lichenized species form a monophyletic group, derived 
from saprophytic ancestors. They tend to be more frequently in a un- 
inucleate stage. A thallus composed of globules is the more primitive 
stage. 



e) Biology, Culture 

Lichens are often believed to be variable organisms, but little is known of 
the genetic background of such variation. Schipperges et al. (1995) found 
differences in morphology and physiology between populations of 
Cetraria nivalis from different areas in Europe, They supposed that this 
variation depends on genetic differences, caused by isolation in different 
refugia during the Pleistocene. Genetic polymorphism in Umbilicaria 
cylindrica was demonstrated by Fahselt et al. (1995) using enzyme 
banding studies. A comparison of electrophoretic isoenzyme banding 
patterns of sexually and non-sexually reproducing species (Fahselt 1995) 
showed that in the former more differences between populations occur. 
Enzyme polymorphism was also observed by Swanson et al. (1996) in 
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Umbilicaria americana from North America. It was found on sites with 
higher UV radiation, and negatively correlated with phenolic content. 

Results of probably the largest program for cultivating lichen myco- 
bionts were presented by Crittenden et al. (1995). Of 1183 species, (2238 
specimens), 42% were successfully isolated from spores or thallus frag- 
ments. Lichenicolous fungi and lichens with cyanobacteria cultured less 
readily. Isolated mycobiont cultures of Cladonia grayi were made by 
Armaleo (1995) to investigate factors influencing the production of 
grayanic acid. Hamada (1996) and Hamada et al. (1996) found that li- 
chen substance production in cultures of lichenized and nonlichenized 
lichens was stimulated by added sucrose or ethylene glycol in the me- 
dium. Hamada and Miyagawa (1995) found the same for salazinic acid 
production in Ramalina siliquosa and gyrophoric acid in Lobaria dis- 
color, A promising new technique may be the one described by Vicente 
et al. (1995), who use polyacrylamide gel to immobilize lichen cells and 
enzymes for bioproduction of lichen metabolites. 



f) Phyologeny 

Cladistic analyses are being used increasingly in taxonomic practice, not 
least for the interpretation of macromolecular results. Therefore it is 
important that weaknesses of the method are explored. One problem 
was met by Tehler (1995) when he compared phylogeny reconstructed 
from morphological data with data from 18S ribosomal RNA. He found 
three different phylogenies. Lutzoni and Vilgalys (1995b) discuss the 
integration of morphological and molecular data sets in estimating 
phylogenies. They suggest using Rodrigo’s homogeneity test to deter- 
mine if the data sets reflect the same phylogenetic history. An interesting 
experiment was a test of the current superspecific classification in Cla- 
doniaceae by a cladistic analysis, as performed by Hyvonen et al. (1995) 
for 37 species of Cladina and Cladonia sect. Unciales. The results did not 
support traditional taxonomy and suggested that Unciales are poly- 
phyletic. Their conclusion: "the chemical and morphological informa- 
tion available even in fairly well-known groups of lichens ... is at present 
inadequate ... of little help in resolving the phylogeny of the group". 
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3 Classification 

a) Lichenized Ascomycetes 

a) Discocarpous Orders, Lecanorales 

In Lecanoraceae, Lumbsch and collaborators continue a revision of the 
genus Lecanora with treatments of usnic acid-containing species 
(Lumbsch et al. 1995a), species with a dark hypothecium (Lumbsch et al. 
1996), and the L. subcarnea group (Dickhauser et al. 1995). Much dis- 
cussion was raised by the publication of a study on the Lecanoraceae of 
Europe, which was made by Motyka in 1961-1978 and published post- 
humously almost 20 years later (Motyka 1995/1996). Having started at a 
time when lichen chemotaxonomy was hardly developed and ascus 
characters not usually observed, the author used only the traditional 
techniques and came to taxonomic concepts very different from those 
developed in the past 20 years using new techniques. It may be ques- 
tioned whether the author would have published the work in this form 
had he been still alive and able to incorporate the new developments. 
Now a heavy burden has been put on the scientific community. All these 
taxa, presented in Polish and Latin, have to be restudied using modern 
methods, in particular the 7 new genera and over 200 new species, to 
find out what should be accepted as replacement for current taxonomy 
and what can be disregarded. 

Many new taxa in the Ramalinaceae were described by Spjut (1996), 
who studied the luxuriant lichen vegetation along the Pacific coast of 
California and Baja California. By carefully sampling the diversity of the 
area, he unraveled what were thus far thought to be a few polymorphic 
species. These were more or less turned into genera, including the new 
Vermilacinia (Spjut 1995), and the number of species was raised to al- 
most tenfold. In New Zealand Blanchon et al. (1996) revised the genus 
Ramalina, recognizing 18 taxa. Lumbsch et al. (1995b) recognized in 
Australia a crustose representative, the first known in this family, for 
which they proposed the genus Ramalinora. 

In the family Physciaceae, Giralt, Mayrhofer and collaborators con- 
tinued the revision of the southern European representatives of Rino- 
dina (Giralt and Barbero 1995; Giralt et al. 1995; Giralt and Mayrhofer 
1995; Ropin and Mayrhofer 1995). Further treatments deal with corti- 
colous, vegetatively reproducing species in North America (Sheard 1995) 
and rock-inhabiting species of South Africa (Matzer and Mayrhofer 
1996). Moberg (1995) presents a treatment of Phaeophyscia for China 
and the Russian Far East. 

The genus Caloplaca in the Teloschistaceae, with several hundred 
species, is by now among the largest species conglomerates in lichens for 
which no convincing infrageneric natural classification is available. 
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Some more or less artificially defined groups were revised: the species on 
coastal rock in western North America (20 species, Arup 1995a, b); the 
Caloplaca sideritis group in North and Central America (Wetmore 1996); 
the Caloplace lactea group in Europe (Navarro-Rosinds and Hladun 
1996). 

Important new revisions in the Parmeliaceae include: Relicina 
worldwide (Elix 1996); Anzia in New Guinea (Yoshimura et al. 1995) and 
in Central and South America (Yoshimura 1995). Nash et al. (1995) re- 
vised the genus Xanthoparmelia in South America, raising the number 
of species to 77 and demonstrating that the genus has a much higher 
diversity in this area than assumed before. The secondary product 
chemistry shows less variation than on other continents, but endemism 
is high, with a majority of the species restricted to South America. In the 
framework of the Flora of Australia project, Elix (1994) with collabora- 
tors produced a treatment of Parmeliaceae covering 31 genera and 395 
species. 

In the affinitites of Parmelia s./. only one more genus was proposed: 
the monotypic Bulbotricella from Venezuela (Marcano et al. 1996b). In 
the fruticose affinities Common and Brodo (1995) propose a new genus 
Nodobryoria for Bryoria oregana and a few related species. Thell et al. 
(1995a) review the ascus types throughout the family and Henssen 
(1995b) confirms the close affinity of the crustose Protoparmelia badia 
with Parmeliaceae. 

The rearrangement of the cetrarioid lichens made further progress. 
One more new genus was proposed, KaernefeltiUy for Cetraria californica 
and C. merrillii by Thell and Coward (1996). Interesting is the rear- 
rangement of species across the border of the cetrarioid lichens proper. 
Kamefelt and Thell (1996) transferred two species from Dactylina to 
Allocetraria, and Thell (1995) transferred the Cetraria commixta group 
to Melaneliay based on ascoma and conidioma characters. A new delimi- 
tation for Nephromopsis, Cetrariopsis, and Cetreliopsis is given by Rand- 
lane et al. (1995). A survey of Allocetraria is presented by Thell et al. 
(1995b). Saag and Randlane (1995) made a cladistic analysis of 83 
cetrarioid lichens based on 42 morphological and chemical characters. 
The recently segregated genera appeared as monophyletic, except for 
Tuckermannopsis. A comparison was made between cladograms based 
on different character interpretations; substances as such or in bio- 
chemical groupings. The latter method produced results closer to the 
accepted system. 

Two new families in Lecanorales were proposed: Aphanopsidaceae 
for the small genera Aphanopsis and Steinia^ based on ascus type and 
morphological and anatomical similarities (Printzen and Rambold 
1995), and Gloeoheppiaceae for Gloeoheppia, Pseudopeltula and Gude- 
lia based on apothecial development (Henssen 1995a). 
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Several further new genera of Lecanorales were published: Labyrintha 
(Porpidiaceae) from New Zealand (Malcolm et al. 1995); Fellhaneropsis 
(Pilocarpaceae) for Bacidia myrtillicola and B. vezdae (Serusiaux 1996; 
Jarmania (Bacidiaceae), with byssoid thallus, from Tasmania (Kantvilas 
1996); Loxosporopsisy of uncertain affinity, from N. America (Brodo and 
Henssen 1995); and Podotara (incertae sedis), foliicolous from New 
Zealand, with remarkable, stalked apothecia (Malcolm and Vezda 1996). 

Among the more important generic treatments are: a worldwide revi- 
sion of the genus Physcidia with 7 species (Kalb and Elix 1995); a 
worldwide revision of Haematomma, accepting 35 species (Staiger and 
Kalb 1995); a redefinition and revision of Biatora in Europe with 17 
species (Printzen (1995); a key to 55 species of Lecideaceae in Europe 
(Hertel 1995); a treatment of Leptogium for southern Chile, with 16 spe- 
cies (Galloway and Jorgensen 1995). Hafellner (1995b) continued his 
work on the redefinition of Acarosporaceae based on ascus structure 
and reintroduces Piccolia for the Biatorella conspersa group. Lutzoni 
and Brodo (1995) redelimit the genera lonaspis and Hymenelia, based on 
morphological/anatomical and on enzyme electrophoretic study. They 
discuss the significance of the ascus type for the taxonomy. 



(3) Other Discocarpous Orders 

Two major contributions in the order Caliciales were published. Tibell 
(1996) prepared a Flora Neotropica treatment with 17 genera and 51 
species. Wedin (1995) revised the Sphaerophoraceae of the temperate 
areas of the Southern Hemisphere, 23 species in 3 genera, based on mor- 
phology and TLC. 

In the Arthoniales, three new, monotypic genera were described: Ta- 
nia from Sabah (Egea et al. 1995); Feigeana from Socotra (Roccellaceae) 
with stromatic, labyrinthoid ascocarps and crustose (subfruticose) thal- 
lus (Mies et al. 1995); Follmanniella from N. Chile (Peine and Werner 
1995). Larger revisions treated the genus Arthothelium in India (Makhija 
and Patwardhan 1995) and lichenicolous Arthoniae with reddish, K-h 
pigments (Grube et al. 1995). Lucking and Matzer (1996) discussed the 
systematic position of Mazosia, 

In the Graphidales Guderley and Lumbsch (1996) produced a revision 
for the genus Diploschistes in South Africa, and Purvis et al. (1995) for 
Thelotrema (s.Z.) in Europe (incl. Azores). 



Y) Pyrenocarpous Orders 

A new survey with determination key to all genera of pyrenocarpous 
lichens was presented by Harris (1995). He also presents a new generic 
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arrangement for the lichenized Pleosporales, reintroducing the genus 
Naetrocymbe for part of the species previously assigned to Arthopyrenia 
and establishing a family Naetrocymbaceae for it, characterized by 
pseudoparaphyses with refractive globules near the septa. 

The largest order, Verrucariales, is among the least-known lichen 
groups. Many representatives are crustose with a thin thallus and small, 
blackish perithecia, and only careful microscopic examination can reveal 
their affinities. Moreover, they tend to grow on rock, which hampers 
adequate sampling. Consequently, knowledge of the group is very in- 
complete and largely restricted to Europe. After long neglect the group is 
receiving increased attention. McCarthy (1995a) prepared a treatment 
for the ten aquatic Verrucaria species known from Australia. Dermato- 
carpon sect. Polyrhizion was revised by Breuss (1995), who also revised 
the genus Placidiopsis (Breuss 1996a). The genus Catapyrenium was 
divided into eight genera: Involucropyrenium, Anthracocarpon, Hetero- 
placidium, Clavascidium, Catapyrenium s.str., Placidium, Neocatapy- 
renium and Scleropyrenium (Breuss 1996b). 

The family Trichotheliaceae, thus far considered as of uncertain af- 
finity, was decided to be different at the order level, and attributed to an 
order of its own, Trichotheliales (Hafellner and Kalb 1995). These 
authors also propose a division of Porina based on ascocarp wall pig- 
ment, introducing the genus Pseudosagedia with subgenera Pseudos- 
agedia and Limosagedia. Trichothelium is restricted to species with dark 
pigment. This divison was criticized later by, e.g., Harris (1995), who 
proposed a division into Trichothelium (s./.), Segestria, Porina and 
Clathroporina (s./.). McCarthy (1995b) revised the genus Clathroporina 
and considered it insufficiently distinct from Porina, A new genus, 
MyeloconiSy was described to accommodate species with pigmented me- 
dulla (McCarthy and Elix 1996). Another new genus, Polycornum, was 
described from New Zealand (Malcolm and Vezda 1995). 

A survey of the corticolous representatives of Julella is presented by 
Aptroot and van den Boom (1995), and Harada describes from Japan 
two new genera with some resemblance to Verrucariales, but considered 
to be of uncertain affinities: Cyanopyrenia (Harada 1995) and Hyalopy- 
renia (Harada 1996). 



b) Incertae Sedis 

The redefinition of species in Lepraria s.l. has reached a stage of con- 
solidation. A survey is presented by Leuckert et al. (1995) and for Britain 
by Orange (1995). 
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c) Lichenicolous Fungi 

The increased attention to lichenicolous fungi has led to the definition of 
several new genera: HelicobolomyceSy coelomycetous anamorph of 
Arthonia (Grube et al. 1995); Diederimyces (Dothideales, teleomorph of 
Phaeosporobolus alpinus) from Fuscidea in the Pyrenees (Etayo 1995); 
Perigrapha (Arthoniales), lichenicolous on Parmelia s.str. (Hafellner 
1996b); Zevadia^ a hyphomycete on Usnea in W Ireland (David and 
Hawksworth 1995b); Coniambigua, Lichenobactridium and Pycnop- 
samminay three genera of lichenicolous deuteromycetes (Etayo and 
Diederich 1995); Lanatosphaera and ParadoxomyceSy foliicolous Do- 
thideales viz. Arthoniales (Matzer 1996); Stygiomyces on Pseudocyphel- 
laria from Tasmania and Pseudonitschkia from South America (Coppins 
and Kondratyuk 1995); Reichlingia from sterile lichens with Trentepoh- 
lia in Central Europe (Diederich and Scheidegger 1996); Wernerella 
(Dothidales) on Rinodina in SW Europe and Morocco (Navarro-Rosines 
et al. 1996); and Clauzadella (Verrucariaceae) from Verrucaria in France 
(Navarro-Rosines and Roux 1996). 

Further important revisions include: a conspectus of Phacopsis by 
Triebel et al. (1995); a treatment of lichenicolous Arthoniae with reddish, 
K-h pigments (Grube et al. 1995); and of selected groups of lichenicolous 
ascomycetes with fissitunicate asci on foliicolous lichens (Matzer 1996). 
Diederich (1996) revised the lichenicolous heterobasidomycetes, a group 
which frequently makes galls on lichen thalli. Identification is hampered 
because the basidia degenerate quickly, so that in many samples the 
principal characters are not observable. The basidiocarps may some- 
times be mistaken for degenerated ascocarps. Consequently, the group 
was poorly known, and 41 out of 54 accepted species were new. 

The lichen genus with the largest known lichenicolous flora nowadays 
is probably Pseudocyphellaria. Kondratyuk and Galloway (1995) report 
51 species, found on 53 Pseudocyphellaria species; the area with the 
richest lichenicolous flora, as far as is known, is the Hohe Tauern Na- 
tional Park in Austria, from where Hafellner and Tiirk (1995) report over 
140 lichenicolous fungi and lichens. 



4 Floristics and Phytogeography 

a) The Northern Extratropics 

a) Europe, Mediterranean Area and Atlantic Islands 

Publications with significant contributions are far too numerous to 
mention and only a very small selection can be treated here. 
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The activities towards a checklist of the Mediterranean lichens lead to 
a bundle with lists from Morocco (1100 taxa, Egea 1996), Tunisia (415 
taxa, Seaward 1996) Israel (234 taxa, Galun and Mukhtar 1996) and 
Mediterranean Turkey (459 taxa, John 1996). Puntillo (1996) presents a 
thorough survey of lichens of Calabria (Italy), based on literature and 
personal observations, with notes on distribution and ecology. An im- 
portant aid for the study of the Atlantic islands is produced by Hafellner 
(1995c): a checklist and bibliography of lichens and lichenicolous fungi 
of insular Laurimacaronesia containing ca. 2000 taxa. It was followed by 
further reports from this author on noteworthy lichens and licheni- 
colous fungi from Macaronesia (Hafellner 1995a, 1996a). From the 
Ukraine a checklist was published containing 1222 species (Kondratyuk 
et al. 1996). 



p) North America 

An updated checklist for continental US and Canada, including the li- 
chenicolous and allied fungi, was produced by Esslinger and Egan 
(1995). 

Much attention was paid to the Pacific coast of the northern USA and 
Canada. Arup (1995b) presented a key to 20 coastal saxicolous species of 
Calopaca. The Cladoniaceae were treated for the NW USA (Hammer 
1995) and the Queen Charlotte Islands (Brodo and Ahti 1996). Coward et 
al. (1995) present a treatment of Peltigera for British Columbia. Of wider 
coverage is the treatment of the corticolous and lignicolous species of 
Bacidia (27) and Bacidina (12) by Ekman (1996). 



Y) Other Areas 

A flora was published for Nagaland (Singh and Sinha 1994), which treats 
346 species. For Mongolia a checklist containing 912 species was pub- 
lished by Cogt (1995), and Andreev et al. (1996) present a checklist of 
lichens and lichenicolous fungi of the Russian Arctic, including 1078 
species. An example of useful exchange of knowledge by visiting scien- 
tists is given by a visit of Thor to Japan, where he was able to recognize 
various inconspicuous species familiar to him from Europe (Kashiwa- 
dani and Thor 1995). Zhurbenko (1996) reports 660 lichens and 61 li- 
chenicolous fungi from the northern Krasnoyarsk Territory, Central 
Siberia, including many new to Russia. 
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b) The Tropics 

The poor knowledge of tropical lichen taxonomy is still an impediment 
to floristic work, and consequently publications are scarce. For the Neo- 
tropics a significant contribution is a checklist of the Venezuelan Andes 
with 745 taxa (Marcano et al. 1996b). It is based mainly on the work of 
Lopez Figueiras, probably the most productive lichenologist residing in 
the tropics so far. Lucking and Lucking (1995) report 98 foliicolous li- 
chens from Cocos Island, Costa Rica. Sipman (1995) brings a prelimi- 
nary survey of the lichen flora of the montane forests in Colombia, in 
particular the taxonomic composition and geographical affinities. 

For Papua New Guinea, Archer et al. (1995) produced a first survey of 
the genus Pertusaria^ recognizing 29 species. Egea et al. (1996) treat the 
genus Lecanactis et al., with 14 taxa. Aptroot et al. (1995) report 63 spe- 
cies from Laing Island, a tiny island off the north coast measuring less 
than 100 X 30 m, but with a largely original coastal forest. 

Tropical Africa remains probably the least known of the three tropical 
land masses, and only few taxa are reported. David and Hawksworth 
(1995a) present 29 species from Zanzibar, and Becker and Lucking 
(1995) describe foliicolous lichens from the Ivory Coast. 



c) The Southern Extratropics 

The most important publication from this area is no doubt the volume of 
the Flora of Australia treating the Parmeliaceae, 31 genera and 395 spe- 
cies (Elix 1994). For Australia also a new checklist of lichens and fungi 
became available (Filson 1996). For South Africa a revision of Diplo- 
schistes was published (Guderley and Lumbsch 1996). 

Among the results in southern South America should be mentioned: a 
treatment of Stictaceae (25 species, Pseudocyphellaria and Sticta only) 
from Tierra del Fuego (Galloway et al. 1995); a bibliography 1986-1995 
for Argentina (Osorio 1996); a treatment of Cladoniaceae for Chile, 
treating 4 genera and 58 species (Stenroos 1995). Larger floristic reports 
are those by Osorio (1995) from Southern Rocha, Uruguay (106 species), 
and by Fleig (1995) from Rio Grande do Sul, Brazil (163 species). Ferraro 
(1995) presents characteristics of the lichen flora in the phytogeographi- 
cal regions of Corrientes, Argentina. 
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5 Ecology and Physiology 

a) Analysis of V egetation Structure 

Connected with the recognition of forest as an important lichen habitat, 
various ecological studies were performed. Sillet (1995) compared epi- 
phyte assemblages of interior and clear-cut edges of a 700-year-old for- 
est in western Oregon and found that the canopy assemblages are lower 
at the edge. In an analysis of environmental factors connected with the 
distribution patterns of Lobaria oregana and L. pulmonaria, Shirazi et 
al. (1996) found no difference in heat tolerance. Sympatric populations 
show differences in drought resistance but infraspecific variation is just 
as wide. In an ecological investigation of Nephroma occultumy Coward 
(1995) found three types of different ecological behavior, each with a 
different range, considered primary, secondary, and tertiary. In the 
(humid) primary range, the species is common in the canopy, while in 
the much larger tertiary range it is found incidentally on humid tree 
bases. Pfefferkorn (1996) presents a phytosociological survey of the epi- 
phytic vegetation in Vorarlberg (Austria), in particular forest. Sorediate 
crustose lichens were found to form 24% of the epiphytic lichen flora in 
a forest in Switzerland (Dietrich and Scheidegger 1996); on individual 
trees this percentage was even higher. 

Lichens are known to be not normally restricted to a single tree spe- 
cies, but the relations between phorophyte and lichen flora are still 
poorly known. The correlations between Lepraria and Leproloma species 
and phorophyte species in Baden-Wiirttemberg (Germany) are de- 
scribed by Wirth and Heklau (1995). Kuusinen (1996a) investigated the 
lichen flora on the basal trunks of six tree species in old boreal forest in 
Finland, and found Populus to have the most distinct and richest flora; 
some lichens were common on all or most tree species, while others were 
more selective; the average species number per tree ranged from 18 to 
31. Jarman and Kantvilas (1995) report on a Lagarostrobos franklinii tree 
with 75 lichen species, with a vertical zonation. 

Investigation of the tropical forest lichen flora has hardly started. 
Gradstein et al. (1996) develop methods to sample epiphytic diversity in 
tropical rainforest, inch corticolous and foliicolous lichens. A zonation 
of foliicolous lichens on Cecropiaceae was observed by Lucking (1995a) 
in Costa Rica. In an investigation of the lichen flora in mangroves near 
Sao Paulo, Marcelli (1995) recognized six groups with different substrate 
preferences, depending on substrate age and microclimate. 

Many other interesting topics are dealt with. A survey of the lichen 
flora on chalk and limestone in streams was made by Gilbert (1996b). He 
found around 50 species. Trampling by cattle in the headwaters, silt 
load, and eutrophication are detrimental to the vegetation. Metal- 
enriched environments often offer habitats for unusual lichen species. 
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Purvis and Halls (1996) present a review which shows that in particular 
Fe and Cu are important for the species composition. Mine spoil heaps, 
considered toxic, may be of considerable importance lichenologically. 
The function of different spore forms is little understood. Smith (1995) 
compared spore features in the lichen flora of the Hawaiian Islands, the 
Galapagos Islands, Britain and North America. The first two appear to 
have more large- and dark-spored taxa, while there is no difference in 
thick-walled taxa. A classification of lignicolous communities was pre- 
sented by Sarrion and Burgaz (1995) for central Spain, including a new 
association, Buellietum cedricolae. The use of thallus fragments for dis- 
persal is often hypothesized, but evidence is still restricted. Eldridge 
(1996) studied thallus fragments present in water runoff on soil in semi- 
arid woodland in Australia, and recognized eight species, which are ap- 
parently dispersed in this way. A subfossil lichen flora, about 1300-1400 
years old, is reported from Greenland by Alstrup (1995). It had been 
buried under the ice. Forty five lichens and six lichenicolous fungi were 
recognized. The flora is similar to the recent flora of similar conditions 
locally. Also its chemistry agrees with the present situation, as found by 
Huneck et al. (1995) for Umbilicaria cylindrica. 

Lichen colonization on rock 4-10 years after forest fire was observed 
by Garty (1995) in Israel. Sipman and Raus (1995) studied lichen coloni- 
zation on lava in Santorini and found microclimate to have more influ- 
ence on the species number than time. Two species are restricted to 
young lava, Stereocaulon vesuvianum and Lecanora conferta. 



b) External Relations 

The wide presence and high diversity of lichens, though in contrast with 
their low biomass and productivity, make it likely that they have effects 
on their environment. Observations are still scarce, however. An exam- 
ple of negative interaction was found by Solhaug et al. (1995) when they 
measured reduced photosynthesis in stems of Populus tremula covered 
by lichens. Light transmission was reduced by 10-55%, and photosyn- 
thetic 02-evolution by 50%. The reduction is probably due to adaptation 
of bark cells to shade. 

Much influence can be expected in cold environments, where the 
performance of higher plants is much reduced while that of lichens is 
not. The significance for biomass production was dealt with by several 
authors. Hahn et al. (1996) investigated the role of macrolichens as car- 
bon and nutrient pools in arctic vegetation. Gremmen et al. (1995) in- 
vestigated relations between in situ nutrient availability and standing 
crop of lichens in Antarctica. Kappen et al. (1995) discuss carbon ac- 
quisition of lichens in polar regions. Nash and Olafsen (1995) predict 
increasing lichen productivity in arctic ecosystems due to global warm- 
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ing: photosynthesis is primarily light-limited while N-fixation is tem- 
perature-limited; N frequently limits productivity. 

A clear effect of lichens on the ecosystem in a warmer environment 
was demonstrated by Knops et al. (1996). They investigated the effect of 
Ramalina menziesii in oak forest in California. Removal of lichens af- 
fected the interception of rainfall by the canopy and the deposition of 
water and nutrients. Hesbacher et al. (1995) surveyed the presence of 
sequestered lichen compounds in 103 wild-caught imagines of Arctiidae, 
and found lichen compounds in 24, belonging to 1 1 species. Parietin and 
atranorin were among the most frequently detected. 



c) Biodeterioration 

A number of studies dealt with the effect of lichens on rocky substrate 
and its biodegradation. Ascaso and Wierzchos (1995a, b) present a sur- 
vey of investigations and used SEM equipped with a backscattered elec- 
tron detector. Also Wilson (1995) reviews interactions between rock and 
lichen, and processes contributing to rock weathering. 

Effects on antique stonework received particular attention. Seaward 
and Edwards (1995) used Raman microscopic analysis to study fresco 
deterioration by Dirina massiliensis fo. sorediata. They found a damag- 
ing effect of calcium oxalate deposition. Arino and Saiz- Jimenez (1996) 
investigated the effect of lichens on resin applied to archeological 
monuments for protection against weathering. Some colonized the resin 
surface, some were able to penetrate it. A protective effect was reported 
by Arino et al. (1995) on Roman pavement. As an explanation they pre- 
sume reduction of weathering by the lichen cover. 



d) Physiology 

The large number of physiological investigations published in 1995/96 is 
only very fragmentarily treated here. Various studies deal with the 
conditions under which lichens undergo photosynthesis. It turns out 
that a high water content of the thallus may have a negative effect. This 
was found in xeric habitats by Lange et al. (1995) while studying the re- 
lation between net photosynthesis and thallus water content in soil li- 
chens. It is explained by reduced CO^ diffusion caused by the increased 
water content. It also occurs in humid habitats: Green et al. (1995) 
measured net photosynthesis in a temperate rainforest in New Zealand 
and found that maximal net photosynthesis was seldom reached. Low 
light availability and high water content were the main limiting factors. 
Lange and Green (1995) demonstrate the same phenomenon for Xan- 
thoria calcicola and Lecanora muralis from central Europe, and Lange et 
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al. (1996a) for Peltigera species in the same area. The latter used fluores- 
cence techniques to show that there is a real fall in photosynthetic rate 
and not an increased recycling of carbon dioxide: for a survey see Lange 
and Meyer (1996). Thomas et al. (1996) measured that Coenogonium sp. 
did not show such a photosynthetic depression at high water contents, 
probably because of the filamentous thallus structure, which minimizes 
CO 2 diffusion resistance. 

Evidence that lichens have photosynthesis at low temperature is ac- 
cumulating. Kappen et al. (1996a) measured photosynthetic perform- 
ance of Lasallia pustulata in the field and found activity between -2 and 
+5 °C and a water content between 50 and 500% of dry weight. The cold- 
est day was almost as efficient as the warmest day. Light was the main 
limiting factor, as could be demonstrated by laboratory experiments. In 
another paper (Kappen et al. 1996b), metabolic activity below zero was 
reported. Optimum for net photosynthesis of polar lichens is between 0 
and 15 °C. Lange et al. (1996b) measured influence of light, water con- 
tent, and temperature on CO^ uptake in seven arctic lichen species, in 
controlled laboratory conditions and in the field. They found large dif- 
ferences between species, and uptake at -10 °C. Leisner et al. (1996) ob- 
served chlorophyll fluorescence of lichens under field conditions and 
found activity stopped only by drought or temperatures under -5 °C. 
Photoinhibitory damage was observed only after such occasions and was 
quickly repaired after even brief periods of normal metabolic activity. 

Though lichens are generally slow growers, their performance is 
sometimes surprising. Renhorn and Esseen (1995) measured annual 
growth in transplanted alectorioid lichens and found growth rates be- 
tween 6 and 40%. Fragmentation of thalli increased biomass production. 
McCune et al. (1996) measured growth rates in lichen transplants: pen- 
dants of lichen fragments. With methods for adjusting moisture content 
to a standard, it was possible to measure growth rates. These were usu- 
ally around 10-40% annually, highest for Evernia prunastri, lowest for 
Lobaria spp. 



6 Applied Aspects 

a) Pollution Monitoring 

Various studies using lichen vegetation to map air pollution were pub- 
lished. Since SO^ concentrations have decreased greatly in many places 
in the western world, attention is now directed more to other contami- 
nants. Loppi (1996) used an lAP study to monitor air pollution by geo- 
thermal power plants in Italy. Pollutants are mainly mercury and boron. 
Sochting (1995) developed a method to monitor nitrogen deposition by 
Cladonia portentosa and Hypogymnia physodes, and mapped deposition 
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in Denmark and NW Europe. Other elements were taken into account by 
Glenn et al. (1995), who found a decline in lichens and elevated levels of 
Pb, Zn and Cu in lichens near roads in NE Spain. Brown et al. (1995) 
present effects of agricultural chemicals on lichens (Peltigera spp., Par- 
melia sulcata). 

While most monitoring studies use epiphytic lichens, Mezger (1996) 
used also epilithic lichens for pollution monitoring in Berlin. He meas- 
ured presence and frequency of species, and analyzed their correlation 
with pollution and other environmental parameters connected with 
large cities. The effect of reduced SO^ is documented by, e.g., van Dob- 
ben (1996). He observed a partial recovery of the epiphytic lichen vege- 
tation around Den Bosch (The Netherlands). Also Kirschbaum et al. 
(1996) noted a decrease in pollution load as compared to 25 years ago 
around Giessen and Wetzlar. A neutralizing effect of bark wound runoff 
was documented by Gauslaa (1995). He found a correlation with Lo- 
barion occurrence in SE Norway, supposedly caused by acidification of 
the remaining bark through acid rain. Vonarburg (1993) measured mi- 
croclimate, lichen growth and air pollution in Switzerland. His results 
explain the poor correlation between ozone concentration and lichen 
damage on free-standing trees: lichens are dry and inactive during peri- 
ods with high ozone concentration. In urban areas high levels of acid 
deposition coincide with physiological activity of lichens and cause 
damage. 

Only a small section of papers has been treated here. Much more lit- 
erature can be found in the series Lichens and Air Pollution, published 
in the journal The Lichenologist. 



b) Conservation 

The steady decline in the lichen flora over many years is leading to more 
and more concern among lichenologists, and a rapidly increasing num- 
ber of studies deals with conservation aspects. 

The difficulties encountered are perhaps well illustrated by the obser- 
vation by Follmann (1995), who revisited "lichen oases" in Northern 
Chile after 30 years and noted a strong decline, due to unknown reasons. 
The area is rarely visited by lichen experts and for conservation meas- 
ures investigations would have to start from almost zero. A very differ- 
ent situation exists in the case of the endangered lichen Erioderma 
pedicellatum in Europe. Holien et al. (1995) assessed the present state 
and ecology, and discuss the potential for protection. In the case of Telo- 
schistes flavicans in Great Britain, Gilbert and Purvis (1996) investigated 
its present distribution and ecology and showed that in the last century 
it was found from central England (Yorkshire, Lancashire, Leicester- 
shire) southward, while it is now restricted to SW England, where few 
stations with more than a few plants remain. 
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Various studies present arguments for conservation need and discuss 
opportunities. To give a small selection: Gilbert (1995) treats chalk grass- 
land lichens in England, their significance, and causes of decline. Guerra 
et al. (1995) list the lichens of gypsiferous outcrops in SE Spain and treat 
their conservation significance. From The Netherlands, van den Boom et 
al. (1996) present a list of species on megalithic monuments and discuss 
the influence of human activities and conservation needs. Schlechter 
(1995) treats 18 macrolichens in the Eifel Mts. (Germany) and their con- 
servation status. Fryday (1996) reports ca. 250 species from N Wales 
mountains and assesses their conservation value; Wolseley et al. (1996) 
report 248 species from Skomer Island (GB), an inventory for conserva- 
tion purposes. 

Lists of threatened species (Red Lists) are now widely accepted as an 
important instrument for the protection of lichens, and are becoming 
available for a growing number of regions. Kuusinen (1995a) presents a 
list of threatened lichens from Finland; Kashiwadani and Kurokawa 
(1995) a list of threatened lichens of Japan; Wirth et al. (1996) a Red List 
for Germany. Thor (1995) gives a survey of all available Red Lists and 
explains their potential. 

The significance of (old) forest as habitat for lichen conservation has 
become an important research theme, and information from various 
parts of the world is becoming available. Kuusinen (1995b, 1996b) 
identified the value of old-growth Salix caprea and Populus tremula and 
of spruce swamp forest for the conservation of lichen diversity in the 
boreal forests of Finland. Holien (1996) investigated the distribution of 
Caliciales in differently managed forests in Scandinavia and found that 
old forest is preferred. Some threatened species prefer forest on rich soil. 
Heiman (1996) analyzed the changes in a forest reserve in the Appala- 
chians and presents a survey of the macrolichens as a baseline study for 
conservation projects. Hauck (1995) presents information about lichens 
of old-growth forest in Niedersachsen, with a list of extinct and threat- 
ened species and causes of decline, and stresses the importance of con- 
servation. Hebrard et al. (1995) investigated the effect of forest clearing 
on lichen vegetation in SE France. They noticed a significant increase in 
bryophytes and suggest using the changes for a disturbance index. 
Elimination of undergrowth had a similar effect, probably because it 
suppresses the lateral protection against drying action of wind. Rosen- 
treter (1995) presents activities to develop a management scheme to 
conserve high lichen diversity in managed forest of NW USA. A survey 
of lichens of special interest and recommendations for management are 
given. 

From tropical forest little information is available so far. Lucking 
(1995b), while demonstrating patterns of biodiversity of foliicolous li- 
chens in Costa Rica, proposes Badimia as indicative of rich sites of in- 
terest for conservation. 
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In many densely populated regions disturbance of the forest has 
reached a stage where the remaining populations of sensitive lichens 
appear unable to colonize new substrate. Therefore Scheidegger et al. 
(1995) developed transplantation methods for foliose lichens by means 
of propagules and thallus fragments. A successful transplantation of 
Lobaria pulmonaria was reported (Scheidegger 1995). 

This survey makes no claim to completeness, and for additional titles the 
reader is referred in particular to two sources, the series Recent Litera- 
ture on Lichens and the journal The Bryologist (alphabetically arranged 
by the author; also accessible as a database on internet; address: 
<http://www.toyen.uio.no/botanisk/bot-mus/lav/sok_rll.htm>) and Ele- 
ments de bibliographie lichinologique ricente in the Bulletin dHnforma- 
tions de Vassociation franfaise de lichinologie (arranged according to 
subjects, in French). 
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Mycorrhizae: 

Ectotrophic and Ectendotrophic Mycorrhizae 

By Reinhard Agerer 



1 Ectomycorrhiza 

a) Symbiotic Organisms and Morphology/Anatomy 
of the Symbiotic Organs 

Ectomycorrhizae forming Ascomycetes are compiled by Maia et al. 
(1996). Lepage et al. (1997) describe fossil Rhizopogon- or SuillusA^ke 
ectomycorrhizae on pine from Eocene time. In a review regarding trends 
in root-microbe symbiosis, Fitter and Moyersoen (1996) concluded that 
ectomycorrhizal symbiosis has probably evolved at least twice, once or 
more in the branching to the Pinaceae and Gnetales, and once in the 
root of the clade that includes all the rosid and asterid lineages of Chase 
et al. (1993), and possibly the Hamamelids as well. A historical overview 
on characterization of ectomycorrhizae has been provided by Agerer 
(1996a). A delta-based system for characterization and DEtermination of 
EctoMYcorrhizae (DEEMY) has been published on CD-ROM (Agerer 
and Rambold 1996; Rambold and Agerer 1997). 



a) Comprehensive Descriptions of Selected Ectomycorrhizae 

Albatrellus ovinus + Picea abies (Agerer et al. 1996a), Bankera fuligineo- 
alba + Pinus (Agerer and Otto 1997), Descolea antarctica + Nothofagus 
(Palfner 1997), Entoloma sinuatum + Salix (Agerer 1997a), Hydnum 
rufescens + Picea abies (Agerer et al. 1996b), Hysterangium crassirhachis 
+ Pseudotsuga (Muller and Agerer 1996a), Inocybe appendiculata + 
Picea (Beenken et al. 1996a), L fuscomarginata + Salix/Populus (Beenken 
et al. 1996b), L lacera + Populus (Cripps 1997a), L obscurobadia 
(Beenken et al. 1996c), L terrigena + Pinus (Beenken et al. 1996d), Lac- 
tarius chrysorrheus + Quercus (Palfner and Agerer 1996b), L. lilacinus + 
Alnus (Pritsch et al. 1997), L. obscuratus + Alnus (Pritsch et al. 1997), L. 
omphaliformis + Alnus (Pritsch et al. 1997), L. salmonicolor + Abies 
(Pillukat 1996), L. serifluus + Quercus (Palfner and Agerer 1996b), Nau- 
coria escharoides + Alnus (Pritsch et al. 1997), N. subconspersa + Alnus 
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(Pritsch et al. 1997), Paxillus involutus + Pinus (Mleczko 1997a), Pi- 
loderma croceum + Pseudotsuga (Goodman and Trofymow 1996), Pi- 
solithus aurantioscabrosus + Shorea parviflora (Watling et al. 1995), 
Ramaria aurea + Fagus (Agerer 1996c), R. largentii + Picea (Agerer 
1996d), R. spinulosa + Fagus (Agerer 1996e), R. subbotrytis + Quercus 
(Agerer 1996f), Rhizopogon subcaerulescens + Tsuga (Agerer et al. 
1996c), Russula fuegiana + Nothofagus (Palfner and Godoy 1996b), 
JR. pumila + Alnus (Pritsch et al. 1997), Thelephora terrestris + Eucalyp- 
tus (Ingleby and Mason 1996), Thaxterogaster albocanus + Nothofagus 
(Palfner 1996), Tomentella albomarginata + Pinus (Agerer 1996a), 
T. ferruginea + Fagus (Raidl and Muller 1996), Tricholoma scalpturatum 
+ Populus (Cripps 1997b), Truncocolmella citrina + Pseudotsuga 
(Eberhart and Luoma 1996), Tuber aestivum + Corylus (Muller et al. 
1996a), T. borchii + Corylus (Rauscher et al. 1996), T, himalayense + 
Quercus (Comandini and Pacioni 1997), T, indicum -h Pinus (Zambonelli 
et al. 1997), T. indicum + Quercus (Comandini and Pacioni 1997; Zam- 
bonelli et al. 1997), T. melanosporum + Corylus (Rauscher et al. 1995), 
T. mesentericum + Corylus (Rauscher et al. 1995), T. rufum + Corylus 
(Rauscher et al. 1995), T. uncinatum + Corylus (Muller et al. 1996b). 



p) Unidentified Ectomycorrhizae Named Binomially 

An index of names published in the period 1993-1994 is given by Agerer 
(1995). The following descriptions are provided: 'Alnirhiza atroverru- 
cosa'' (Pritsch et al. 1997), "A. cana" (Pritsch et al. 1997), ”A. cremicoloF' 
(Pritsch et al. 1997), "A. cystidiobrunnea"' (Pritsch et al. 1997), "A. suf- 
fusa"' (Pritsch et al. 1997), "A. texta"' (Pritsch et al. 1997), "A. violacea'' 
(Pritsch et al. 1997), 'Nothofagirhiza vinicoloF' (Palfner and Godoy 
1996a), "'Piceirhiza cornuta'' (Montecchio and Agerer 1997), 
"P. stagonopleres" (Beenken and Agerer 1996), ''Pinirhiza arachnorosea'' 
(Wollecke et al. 1997a), "P. granulosa'" (Golldack et al. 1996a), ”P. lacto- 
gelatinosa" (Golldack et al. 1997a), "P. lactariosimilis" (Golldack et al. 
1997b), "Pinirhiza lutea" (Mleczko 1996), ”P. luteoalba" (Wollecke et al. 
1997b), "P. stellannulata" (Golldack et al. 1996b), "Populirhiza pustulosa" 
(Mleczko 1997b), " Pseudo tsugaerhiza baculifera" (Muller and Agerer 
1996b), "Quercirhiza argenteobrunneola" (Fischer and Agerer 1996), 
"Q, fibulocystidiata" (Jakucs et al. 1997), "Q. squamosa" (Palfner and 
Agerer 1996a), "Tetraberliniaerhiza bicolor" (Moyersoen 1996a), 
"T, cerviformis" (Moyersoen 1996b), "T. heterocystidiae" (Moyersoen 
1996c), "Tsugaerhiza luteoannulata" (Agerer and Molina 1997), "T 
tripigmentata" (Agerer and Trappe 1997). 
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Y) Verification of Ectomycorrhizal Nature of Fungi, 

Including Short Descriptions 

Diagnostic ectomycorrhizal features of eight Tuber species of economic 
importance are given (Granetti 1995) to facilitate determination work by 
technicians. Possibly misidentified ectomycorrhizae of Boletu edulis in 
New Zealand have been depicted; a Descolea ectomycorrhiza has been 
described instead (Wang et al. 1995). Parlade et al. (1996) proved Lyo- 
phyllum decastes as being ectomycorrhizal with some conifers. Ectomy- 
corrhizae of Tricholoma caligatum + Cedrus atlantica and some uni- 
dentified morphotypes are briefly described by Abourouh and Najim 
(1995). The imperfect fungus Leptodontidium orchidicola formed a Har- 
tig net and a patchy mantle on roots of Salix glauca seedlings (Fernando 
and Currah 1996). Graf and Brunner (1996) describe briefly the Salix 
herbacea ectomycorrhizae of Cenococcum geophilum, Cortinarius favrei, 
and Entoloma alpicola. Marchetti and Varese (1996) synthesized and 
characterized briefly Laccaria laccta + Picea abies and Hebeloma crustu- 
liniforme + Picea abies ectomycorrhizae. McGee (1996) found and syn- 
thesized, respectively, ectomycorrhizae of the zygomycetous fungi Den- 
sospora tubaeformis and D. solicarpa with Melaleuca uncinata. 



5) Strain Variability of Fungi Regarding Ectomycorrhiza Formation 

Cairney and Chambers (1997) concluded in a review on considerable 
intraspecific variation between Pisolithus tinctorius isolates in host 
specificity, growth form of extramatrical mycelia and organic nitrogen 
utilization, but to what extent differential host compatibility reflects 
taxonomic variations is not clear yet. Age and maintenance conditions 
of pure cultures of Laccaria bicolor strains exhibited strong differences 
in mycelial growth of pure cultures and fructification ability, as ex- 
pressed in size and features of fruitbodies when ectomycorrhizal with 
Pseudotsuga menziesii (di Battista et al. 1996). Kropp (1997) found evi- 
dence in ectomycorrhization experiments on Pinus strobus with differ- 
ent mono- and dikaryotic strains of Laccaria bicolor that the percentage 
of converting short roots to ectomycorrhizae is polygenically controlled. 



e) Population Studies 

Dikaryon-monokaryon crossings of Laccaria bicolor strains and their 
mycorrhiza formation were found in the root system of Pinus banksiana 
(de la Bastide et al. 1995). Gryta et al. (1997) studied fruitbody popula- 
tions of Hebeloma cylindrosporum in a coastal sand dune forest ecosys- 
tem by DNA comparison at an interval of 3 years, and after 3 years were 
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not able to detect the genets previously found. Due to application of 
PCR/RFLPs in the rDNA-ITS regions Erland (1995) was able to study the 
abundance of Tylospora + Picea abies ectomycorrhizae; it could be con- 
cluded that this ectomycorrhiza was one of the main mycorrhizal fungi 
in the south Sweden spruce forest studied. Gardes and Bruns (1996) 
compared with molecular tools the occurrence of fruitbodies and the 
corresponding ectomycorrhizae, and came to the conclusion that there 
was in several cases no correlation between above- and below-ground 
abundances. Overrepresentation and underrepresentation of ectomy- 
corrhizae occurred. Cloned Corylus avellana were used to investigate 
their receptivity to Tuber melanosporum (Mamoun and Olivier 1996). 
The authors could show that the percentage of roots colonized by 
T. melanosporum reached a higher level on a special clone than on un- 
cloned seedlings. The relation between Tuber and other symbionts ap- 
peared to depend on the morphology of the root system. Tuber melano- 
sporum spread more easily on medium-sized root systems, whereas 
other symbionts developed in parallel to the root volume (Mamoun and 
Olivier 1996). The survival of two ectomycorrhizal fungi (Hebeloma wes- 
traliense, Setchelliogaster sp.) on roots of Eucalyptus globulus after out- 
planting were studied by Thomson et al. (1996b); depending upon the 
soil conditions, different amounts of new roots were colonized by the 
inoculated fungi, but after 12 months ectomycorrhizae of "resident" 
fungi increased in number. Reddy et al. (1997) found a higher total 
number of ectomycorrhizae on seedlings of Pinus patula when coinocu- 
lated with Thelephora terrestris and Laccaria laccata in comparison to a 
separate inoculation with either fungus. Simard et al. (1997) studied the 
influence of Pseudotsunga menziesi and Betula papyrifera seedlings in 
single and dual culture in natural soil upon morphotype composition. 
They obtained evidence that the abundance and frequency of some 
morphotypes on either plant species were affected by neighbouring 
seedlings. 



b) Ontogeny and Ultrastructure 

In several naturally grown Picea abies ectomycorrhizae cysteine-rich 
proteins were found in mantle and rhizomorph cells, in intrahyphal 
matrix and in proteinaceous inclusions of hyphal cells (Franz and Acker 
1995). Balestrini et al. (1996) detected cellulose and xyloglucane in the 
plant cell walls of Tuber magnatum + Corylus avellana ectomycorrhizae, 
unesterified pectins in the junction between three root cells; methyl- 
esterified pectins were not found, and arabinosylated-p-(l,6)-glucans 
were only scarcely present in tissue sections. None of these substances 
was found in the matrix between the mantle and Hartig net hyphae. In 
fungal cell walls the presence of chitin, high-mannose side chains of gly- 
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coproteins, and p-l,3-glucans was proven. Wallander et al. (1997) found 
significant variations in protein and chitin concentrations and in the 
ergosterol-to-chitin ratios, both between seasons and mycorrhizal mor- 
photypes of Pinus sylvestris; chitin concentrations peaked in both early 
summer and winter for all morphotypes, but remained low during mid- 
summer and fall; ergosterol-to-chitin ratios increased till October. Kott- 
ke et al. (1995) were able to obtain relative quantification of Al, P and N. 
Using cerium as tracer element, their analysis revealed apoplastic flow 
through the fungal cell walls of the hyphal mantle and the Hartig net; no 
apoplastic barrier was found. A high capacity for sequestration of alu- 
minium in polyphosphate bodies was also found, and Al and P increased 
in bodies in active mycelia with exposure time, but were partly replaced 
by nitrogen afterwards. In this study, calcium was found in phenolic 
material incorporated in the mantle at different levels depending on 
ectomycorrhizal type and soil treatment. Kottke (1997) describes adhe- 
sion pad formation and characterizes the penetration of root cuticle of 
early stages of Laccaria amethystina + Picea abies ectomycorrhizae. Par- 
gney and Prevost (1996) found at the mantle-soil interface of Lactarius 
blennius 4- Fagus sylvatica ectomycorrhizae a mucilagenous material 
rich in chitin; an ascomycete infection of Lactarius subdulcis + F. syl- 
vatica ectomycorrhizae revealed a decrease in chitin content in the walls 
between the hyphae present in the mantle and intracellularly. Prevost 
and Pargney (1997) found in ectomycorrhizal rhizomorphs of Lactarius 
blennius and L. subdulcis dead small hyphae with very thick electron- 
dense walls and live hyphae showing relatively large diameter and walls 
less thick than the others. 



c) Physiology 

Cairney and Burke (1996) review the physiological heterogeneity within 
fungal mycelia and stress this as an important concept for a functional 
understanding of the ectomycorrhizal symbiosis. 



a) Substances Assumed as Important for Formation 
of Ectomycorrhizae 

Hormones. Gay et al. (1995) provide genetical, biochemical and ultra- 
structural evidence that fungal auxin is involved in ectomycorrhiza for- 
mation of lAA overproducer mutants of Hebeloma cylindrosporum. My- 
celial cultures of Suillus bovinus showed decreased production of lAA 
after addition of even small amounts (10 mg/1) of aluminium (Kielis- 
zewska-Rokicka et al. 1995). 
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Phenolics. Coumarin-like compounds were found in Tuber spp. + Quer- 
cus pubescens ectomycorrhizae, which were not found in either non- 
mycorrhizal roots or fruitbodies; T. magnatum and T. borchii caused 
different patterns of coumarin-like compounds (Tirillini and Granetti 
1995). Weiss et al. (1997) found in Larix decidua ectomycorrhizae of 
Suillus tridentinus and Boletinus cavipes tissue-specific and develop- 
ment-dependent accumulation of diverse phenylpropanoids. 

Proteins (Polypeptides). Martin et al. (1995) found during ectomycor- 
rhiza formation several abundant transcripts which showed a significant 
amino acid sequence similar to a family of secreted morphogenetic fun- 
gal proteins, the so-called hydrophobins; such transcripts were high in 
aerial hyphae of Pisolithus tinctorius and during mantle formation. Hy- 
drophobin-encoding cDNAs were cloned and characterized from Pi- 
solithus tinctorius aerial mycelium and during early stages of ectomy- 
corrhiza formation on Eucalyptus globulus; they were barely detectable 
in mycelium grown in liquid cultures (Tagu et al. 1996). Beguiristain and 
Lapeyrie (1997) found that Eucalyptus globulus stimulates hypaphorine 
accumulation in Pisolithus tinctorius hyphae during ectomycorrhizal 
colonization while excreted fungal hypaphorine controls root hair de- 
velopment. During ectomycorrhizal development, Burgess and Dell 
(1996) found a decrease in all plant root proteins and differential accu- 
mulation of fungal proteins. This domination of the fungal partner in the 
protein biosynthesis of developing ectomycorrhizae is probably a conse- 
quence of stimulated fungal growth and the corresponding decrease in 
plant meristematic activity. Niini et al. (1996) detected in Pinus sylvestris 
roots during ectomycorrhiza formation with Suillus bovinus two new a- 
tubulins in the acidic a-tubulin cluster, but no change occurred in the 
fungus; a high level of plant actin at an early stage of ectomycorrhiza 
formation suggests a significant role of this protein in the interaction 
between plant cells and fungal hyphae. E.C. Diaz et al. (1996) found dif- 
ferences in a-tubulin production in Eucalyptus globulus roots during 
formation of ectomycorrhizae with an aggressive and non-aggressive 
strain of Pisolithus tinctorius; the more aggressive strain enhanced a- 
tubulin expression, and this coincided with the increase in lateral root 
formation. The authors suggest that the changes found in a-tubulin ex- 
pression support a role for cytoskeleton components in ectomycorrhizal 
development. Data obtained from Pinus contorta + Suillus variegatus 
ectomycorrhizae suggest that plant and fungal a-tubulin are growth- 
related proteins, subject to changes, while the amount of actin reflects 
the general metabolic activity of the mycorrhizae (Timonen et al. 1996). 

Other Substances. The first contact of Picea abies roots with hyphae of 
Pisolithus tinctorius was significantly accelerated upon treatment with 
0.5 )iM jasmonic acid (Regvar and Gogala 1996). 
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(3) Recognition, Elicitors 

As rapid reactions of ectomycorrhizal elicitors (Hebeloma crustulini- 
forme) on suspension-cultured spruce cells, Salzer et al. (1996) detected 
reactions of Cl, K, Ca-fluxes, phosphorylization and dephosphoryliza- 
tion of two different proteins, respectively, alkalinization of the medium, 
and a transient synthesis of H^O^. The authors suggest that the efficacy of 
elicitors released from fungal cell walls is controlled by apoplastic en- 
zymes of the host; the plant itself is able to reduce the activity of fungal 
elicitors on their way through the plant cell walls; but those elicitors 
which finally reach the plasma membrane of the host cells induce reac- 
tions that are similar to the early defense reactions in plant-pathogene 
interactions. Salzer et al. (1997) studied the effect of purified spruce 
chitinases and p-l,3-glucanases on the activity of elicitors from ectomy- 
corrhizal fungi, and suggested that apoplastic chitinases in the root cor- 
tex destroy elicitors from the ectomycorrhizal fungi without damaging 
the fungus, and by this mechanism the host plant could attenuate the 
elicitor signal and adjust its own defense reactions to a level allowing 
symbiotic interaction. 



Y) Enzymes (cf. also c.a) 

Mycorrhization of Picea abies with Amanita muscaria increased sucrose 
phosphate synthase in the seedlings (Hampp et al. 1995) and the concen- 
tration of fructose-2, 6-bisphosphate, a potent inhibitor of fructose- 1,6- 
bisphosphatase, was decreased in needles; the authors also obtained 
evidence that in fungal extracts phosphofructokinase was stimulated by 
fructose-2,6-bisphosphate, while in host tissue it was phosphotrans- 
ferase. Schaeffer et al. (1996) found evidence for an upregulation of the 
host and a downregulation of fungal phosphofructokinase activity in 
ectomycorrhizae of Picea abies + Amanita muscaria. Roots of Eucalyp- 
tus pilularis and Pinus sylvestris ectomycorrhizal with Pisolithus tincto- 
rius had no increased N-acetyl-glucosamine activity, in contrast to the 
pathogenic fungus Heterobasidion annosum (Hodge et al. 1995). Hodge 
et al. (1996) were able to detect in Lactarius sp. + Fagus sylvatica ecto- 
mycorrhizae exochitinase activity in the mantle and in the Hartig net; 
emanating hyphae showed substantial P-N-acetylglucosamidase activity. 
Leprince and Quiquampoix (1996) studied the adsorption of two extra- 
cellular acid phosphatases of Hebeloma cylindrosporum on montmoril- 
lonite and found evidence for a pH-dependent modification of the en- 
zyme conformation due to mainly electrostatic interactions with the clay 
surface. At low pH, the two positively charged enzymes unfold on the 
negatively charged montmorillonite surface; at high pH, both the en- 
zymes and the clay are negatively charged, and adsorption decreases; 
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adsorption and modifications are largely irreversible. In contrast to the 
ericoid mycorhizal fungus, Hymenoscyphus ericae, cultures of ectomy- 
corrhizal fungi tested had no extracellular phenoloxidases and therefore 
no solubilization capacity of tanninic acid (Bending and Read 1996b). 
Miinzenberger et al. (1997) studied the laccase and peroxidase activity of 
Larix decidua and Picea abies + Laccaria amethystina ectomycorrhizae 
and found, in comparison to the already high contents of laccase in the 
mycelium, the highest laccase activities in ectomycorrhizae of both tree 
species; ectomycorrhizae contained the lowest proxidase activities. The 
results showed that four acidic peroxidases of the host with specific iP 
values were almost completely suppressed due to ectomycorrhiza for- 
mation. 



5) Carbon Nutrition of Ectomycorrhizae 

Differently aged zones of Amanita muscaria + Picea abies ectomycorrhi- 
zae showed a decrease of sucrose in the zones exhibiting the highest 
fungal proportion and these zones of interaction were characterized by 
high levels of fructose-2, 6-bisphosphate, which exceeded those resulting 
frorn a mere addition of the levels contained in the single partners 
(Hampp et al. 1995). Eltrop and Marschner (1996a, b) concluded that a 
possible growth depression of Picea abies seedlings ectomycorrhizal with 
Pisolithus tinctorius as compared to non-mycorrhizal is caused by in- 
creased root respiration, whereas the production of extramatrical myce- 
lium of mycorrhizal plants is of minor importance. Colpaert et al. (1996) 
found a consistently high demand of the fungi in a semihydroponic sys- 
tem of Pinus sylvestris ectomycorrhizal with Thelephora terrstris, Suillus 
bovinus and Scleroderma citrinum for carbohydrates due to their large 
biomass of external mycelia and the increased below-ground respiration 
of mycorrhizal plants. This could explain the lower rate of shoot growth 
of ectomycorrhizal seedlings. 



8) Phosphate Nutrition 

Marschner and Godbold (1995) concluded that element content (P, Fe, 
Ca) of the cortex cell walls of ectomycorrhizal roots of Paxillus involutus 
+ Picea abies is strongly influenced by age of the mycorrhiza, while the 
distance from the tip seems to be of minor importance. Influences of 
different phosphorus forms on number and length of mycorrhizae were 
found by McElhinney and Mitchell (1995). The extramatrical mycelium 
mass of the ectomycorrhizal system Paxillus involutus + Pinus sylvestris 
peaked (ergosterol method) when P was low and other nutrients were 
high (N, K; Ca, Mg and S had no effect). This investment resulted in a 
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660% higher biomass in mycorrhizal compared to non-mycorrhizal 
seedlings (Ekblad et al. 1995). In the same experiment the root/shoot 
ratio in both mycorrhizal and non-mycorrhizal P. sylvestris seedlings 
decreased to increased N contents of the substrate, whereas phosphorus 
had no effect. The same design applied to Paxillus involutus + Alnus 
incana + Frankia resulted in no reaction of the root/shoot relation to 
increased N but resulted in a decrease reaction to P (Ekblad et al. 1995). 
The latter results have to be interpreted cautiously, as P. involutus is - at 
least in nature - not a specific fungus of Alnus, Gumming (1996) high- 
lights the role of mycorrhizal fungi in altering the allocation of P bet- 
ween roots and shoots, as in P.-limiting soils P was retained in roots at 
the expense of translocation to the foliage of Pinus rigida ectomycorrhi- 
zal with any of the species Paxillus involutus, Laccaria bicolor or Pi- 
solithus tinctorius. Moreover, the activities of ATPase systems of the 
mycorrhizal species tested do not support the hypothesis that this en- 
zyme plays an important role in P. acquisition under P-limiting condi- 
tions. Colpaert et al. (1997) found evidence that acid phosphatase activ- 
ity of Thelephora terrestris and Suillus luteus + Pinus sylvestris ectomy- 
corrhizae were positively correlated with the ergosterol content in the 
substrate and decreased with increasing P nutrition. Thelephora ter- 
restris grew in contrast to S. luteus best in high P. nutrition. The experi- 
ment did not support that phytate is a useful P source for ectomycorrhi- 
zae of these fungi. 



Q Nitrogen Nutrition (cf. also d.5, y) 

Observations by Turnbull et al. (1995) indicated that mycorrhizal asso- 
ciations confer on species of Eucalyptus the ability to broaden resource 
base substantially with respect to nitrogen. This ability to use organic 
nitrogen was not directly related to that of the fungal symbiont in isola- 
tion, since seedlings mycorrhizal with Pisolithus sp. were able to assimi- 
late sources of nitrogen (in particular histidine and protein) on which 
the fungus in pure culture appeared to grow weakly. Michelsen et al. 
(1996), using 6"^N of subarctic plants, found evidence that ericoid, ecto- 
mycorrhizal and non- and VA-mycorrhizal species access different 
sources of soil nitrogen. 5^^N in ectomycorrhizae was 2%o higher than in 
non-mycorrhizal roots, in ectomycorrhizal mantles it was weven 2.4- 
6.4%o higher (Hogberg et al. 1996). Nitrogen source regulates the biosyn- 
thesis of NADP-glutamate dehydrogenase in the ectomycorrhizal basi- 
diomycete Laccaria bicolor (Lorillou et al. 1996). The amount of ex- 
tramatrical mycelium of Picea abies seedlings ectomycorrhizal with Pi- 
solithus tinctorius was significantly lower in nitrate- than in ammonium- 
supplied plants (Eltrop and Marschner 1996a). N uptake rates were in- 
creased in Picea abies seedlings ectomycorrhizal with Pisolithus tincto- 
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rius only when they were supplied with ammonium but not with nitrate 
(Eltrop and Marschner 1996b). Bending and Read (1996a) could show 
that cultures of ectomycorrhizal fungi did not have access to N con- 
tained in protein complexed by tanninic acid, while ericoid mycorrhizal 
fungi did. 



T| ) Other Macro nutrients 

Studies on in vitro weathering of phlogopite by two strains of Pisolithus 
tinctorius and Paxillus involutus suggest that the bioweathering mecha- 
nisms could be related to the release of fungal organic acids or other 
complex-forming molecules (Paris et al. 1995). The uptake of ^^Ca in an 
unlimed peat system by Picea abies and Betula pendula ectomycorrhizal 
with Paxillus involutus, was increased by mycorrhizal colonization; in 
limed substrates the uptake was as high or even higher than with non- 
mycorrhizal seedlings (Andersson et al. 1996). Paris et al. (1996) suggest 
due to studies with Pisolithus tinctorius and Paxillus involutus mycelia 
and phlogopite a key role for fungal oxalic acid during mineral weather- 
ing in response to nutrient deficiency. Frey et al. (1997a) detected in P- 
rich granules of Picea abies + Hebeloma crustuliniforme ectomycorrhi- 
zae several elements including Ca, K, Cl, S, Cs and Sr, with highest con- 
centrations for S. 



i) Micronutrients (see also e) 

Hauer and Dawson (1996) found evidence that ectomycorrhizae of 
Quercus palustris influence iron sequestering under iron-limiting condi- 
tions. 



k) Water 

Increased drought resistance of Pinus taeda seedlings ectomycorrhizal 
with Pisolithus tinctorius could, in part, be attributed to drought- 
induced colonization by mycorrhizae and the ability of mycorrhizal 
plants to maintain high transpiration rates as a result of greater lateral 
root formation and lower shoot mass; the osmotic adjustment of 
droughted plants was not affected (Davies et al. 1996). 
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d) Ecology 

a) Ecological Laboratory Research 

Different degrees of ectomycorrhiza development of Laccaria bicolor, 
Rhizopogon luteolus and Suillus bovinus on Pinus sylvestris were related 
to potassium concentration, organic matter content and the pH of the 
soils, suggesting that composition of soils affects ectomycorrhizal devel- 
opment (Baar and Elferink 1996). Colpaert and van Laere (1996) studied 
the activity of cellulase, p-xylosidase, P-glucosidase, phenoloxidase, 
phosphomonoesterase, and protease in beech leaf litter incubated with 
the saprophytic fungus Lepista nuda or with Pinus sylvestris seedlings 
ectomycorrhizal with either Thelephora terrestris or Suillus bovinus. 
They found that phosphomonoesterase was higher in L. nuda and S, 
bovinus treatments, and was intermediate with T, terrestris. For all other 
enzymes, the activity in litter inoculated with the white-rot fungus L. 
nuda was considerably larger than with the ectomycorrhizal fungi; phe- 
noloxidase activity was only clearly increased in the S. bovinus treat- 
ment. Colpaert and van Tichelen (1996a) incubated fresh beech leaf litter 
with L. nuda or Pinus sylvestris seedlings ectomycorrhizal with T. ter- 
restris, S. bovinus or Paxillus involutus and pointed out that the my- 
corrhizal fungi caused only a low decomposition of the litter as com- 
pared to L. nuda, and nitrogen was released only by L. nuda. It therefore 
seemed likely that the studied mycorrhizal fungi did not have the ability 
to decompose efficiently the lignocellulose matrix. In a competition ex- 
periment of Picea abies and Betula pendula with the common ectomy- 
corrhizal fungus Scleroderma citrinum, Ek et al. (1996) found that the 
mycorrhizal mycelium received carbohydrates mainly from the birch 
plant and the nitrogen transfer by the fungus to the plants was largely 
directed towards the birch; there was no conclusive evidence of a net 
transfer of carbon between the two seedlings. Thomson et al. (1996a) 
found evidence that ectomycorrhizal fungi which colonized roots most 
extensively increased plant growth to the greatest extent, but growth was 
less related to hyphal development in soil. In a combined experiment 
with Alnus glutinosa and Pinus sylvestris and the connecting fungus 
Paxillus involutus (a species usually not forming ectomycorrhizae with 
Alnus) and Frankia, Ekblad and Huss-Danell (1995) pointed out that the 
proportion of Frankia-fixed nitrogen in pine, transferred from alder, 
was greatest (9%) when the pine was nitrogen starved and mycorrhizal 
and the alder was fixing maximally (low N and high P); however, the 
amount of fixed N transferred to pine was not statistically different from 
zero. 
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P) Researches in Natural Habitats (see also a.£ and c.Q 

In Eucalyptus forest soil, mycelial systems of vesicular-arbuscular my- 
corrhizal and ectomycorrhizal fungi are apparently localized in different 
domains, and there were also zones where non-mycorrhizal roots (most- 
ly cluster roots produced by members of the Proteaceae) predominated 
(Brundrett and Abbott 1995). Studies on spatial patterns of mycorrhizal 
infectiveness of soils along a successional chronosequence emphasize 
the need to explicitly evaluate spatial heterogeneity in mycorrhizal in- 
fectivity in studies of the role of mycorrhiza in succession (Boerner et al. 
1996). Helm et al. (1996) studied the chronosequence near a glacier in 
Alaska and found that morphotype diversity increased from early suc- 
cessional stages to later stages mostly due to an increase in evenness 
rather than in richness. See and Alexander (1996), studying the ectomy- 
corrhizal community of Shorea leprosula seedlings, showed that overall 
level of colonization and total number of morphotypes per seedling were 
higher at a site which appeared to have experienced the least distur- 
bances and at which there were the greatest number of adult S. leprosula 
trees. Morphologically different mats of mat-forming fungi did not 
overlap, but there was a tendency to clustering, and mats can persist for 
at least 2 years after their host tree has been cut (Griffiths et al. 1996). 
Rao et al. (1997) found in a Pinus kesiya stand a positive correlation 
between the number of ectomycorrhizae and mycorrhizal infection with 
soil moisture, soil pH, total nitrogen, available phosphorus, exchange- 
able potassium, and organic matter of the soil. In an enclosure experi- 
ment with Salix and PopuluSy Rossow et al. (1997) found evidence that in 
an early successional taiga ecosystem browsing by mammals induced 
reduction of ectomycorrhizal infection and this reduction is suggested as 
playing a central role in the shift of this salicaceous species to a vegeta- 
tion with more Alnus and spruce trees. 



y) Coexistence with Other Organisms 

Saprophytic and Parasitic Fungi. Seedlings of Pseudotsuga menziesii ec- 
tomycorrhizal with certain strains of Hebeloma crustuliniforme, Lac- 
caria laccata and Thelephora terrestris showed fewer dead roots in com- 
parison with uninoculated seedlings when confronted with the pathogen 
Rhizinia undulata (Zak and Ho 1994). The number of colony-forming 
units of Fusarium moniliforme was significantly reduced when seedlings 
of Pinus banksiana were inoculated with Paxillus involutus and Bacillus 
subtilis alone or in combination; Suillus tomentosuSy on the other hand, 
had no effect (Hwang et al. 1995). Ursic et al. (1997) found in nursery- 
grown Pinus strobus seedlings that Thelephora terrestris ectomycorrhi- 
zae were highly significantly negatively correlated with root rot. Rhizo- 
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pogon luteolus and Pisolithus tinctorius reduced damping off of Eucalyp- 
tus tereticornis by Phytium aphanidermatum due to antagoistic effects 
(Bhat et al. 1997). Marchetti and Varese (1996) pointed out that Verticil- 
lim bulbillosum significantly inhibited formation of ectomycorrhizae by 
Laccaria laccata + Picea abies most likely by means of toxic metabolites 
and mycoparsitism; on the contrary, it had no deleterious effects on 
formation of ectomycorrhizae by Hebeloma crustuliniforme on Picea 
abies. 

Bacteria. Extramatrical mycelium of Paxillus involutus, Thelephora ter- 
restrisy Laccaria proxima, Suillus variegatus and Hebeloma crustulini- 
forme ectomycorrhizae of Pinus contorta seedlings reduced soil bacterial 
activity as measured by thymidine incorporation (Olsson et al. 1996). 
Results obtained by Shishido et aL (1996) suggest that some strains of 
fluorescent pseudomonads enhanced spruce seedling growth through 
mechanisms unrelated to increased mycorrhizal colonization, but 
growth promotion of pine was facilitated by an interaction with ectomy- 
corrhizae. Results of Frey-Klett et al. (1997) raise questions concerning 
the mycorrhization helper bacteria concentrations in the soil which is 
effective for promotion of mycorrhizal establishment and the timing of 
the bacterial effect, as in an experiment the promoting effect became 
apparent only after the concentration of the strain of MHBs tested 
dropped below a certain concentration. Dual cultures between Suillus 
grevillei and bacteria isolated from fruitbodies or ectomycorrhizae with 
Larix decidua showed that Gram-positive bacteria seldom stimulated 
fungal growth; among Gram-negative bacteria a Pseudomonas fluores- 
cens and a P. putida strain showed the greatest enhancement of growth, 
whereas Streptomyces always caused a significant inhibition of the fun- 
gus (Varese et al. 1996). Frey et al. (1997b) concluded that Laccaria bi- 
color exerts a trehalose-mediated selection on the fluorescent pseudo- 
monads present in the vincinity of the mycorrhizae. 

Animals. Pastor et al. (1996) could detect spores of 22 ectomycorrhizal 
fungal genera in faeces of two rodents. Ruess and Dighton (1996) found 
that the population of a fungal feeder nematode developed faster and to 
a greater extent with mycorrhizal fungi as food source than it did with 
saprobic fungal species. In a microcosm experiment with ectomycorrhi- 
zal Pinus sylvestris seedlings with or without reinoculation with soil 
fauna, and N-poor or N-rich soil, Setala et al. (1997) found that ca. ten 
times more ectomycorrhizal fungal biomass was found on pine roots 
growing in N-poor than in N-rich soils. In addition, the amount of ecto- 
mycorrhizal fungi was significantly reduced by the complex and abun- 
dant faunal community, particular in N-poor soils, where the amount of 
ectomycorrhizal fungi was less than 16% of that found in system with 
reduced grazing pressure. Gehring et al. (1997) reported on a removal 
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experiment of pinyon pine (Pinus edulis) scales (Matsucoccus acalyptus) 
that the scales negatively affect ectomycorrhiza. Secondly, they found no 
ectomycorrhizal effect on mortality of scales, when levels of ectomy- 
corrhiza were enhanced, and thirdly, high-scale densities suppressed 
ectomycorrhizal colonization, but only on trees susceptible to scales. 

Plants. Sylvia and Jarstfer (1997) found in a Pinus elliotti plantation that 
weedy plant competition significantly affected the number of ectomy- 
corrhizae and the distribution of morphotypes. Taylor and Bruns (1997) 
obtained evidence by RFLPs and sequence analysis that the mycorrhizal 
fungus of the non-photosynthetic orchid Cephalanthera austinae also 
formed ectomycorrhizae with trees; this fungus apparently was a mem- 
ber of Thelephoraceae. Mamoun and Olivier (1997) found that Festuca 
ovina reduced colonization of young Corylus avellana by Tuber melano- 
sporum; coculture with F. ovina resulted in necrosis of hazel roots. 



5) Influence by Man 

Fertilization with Lime or Nitrogen (cf. also e.e). In a fertilization ex- 
periment of Pinus patula stands with a mixture of limestone, ammo- 
nium nitrate, potassium cloride, gypsum and monoammonium phos- 
phate, Carlson (1994) found a change in abundance of four roughly 
characterized morphotypes of ectomycorrhizae, while the total number 
of mycorrhizal tips was not affected. Container-grown Laccaria bicolor + 
Pseudotsuga menizesii seedlings fertilized with four different levels of 
nitrogen had taken up less N (concentrations and total amounts) for the 
production of the same biomass than the non-mycorrhizal ones (Gag- 
non et al. 1995). The authors conclude that a total seedling N concentra- 
tion of 1.6% and a substrate fertility of 52 ppm N are appropriate to op- 
timize both the ectomycorrhizal development and the growth of the 
seedlings. Majdi and Nylund (1996) suggest that water and nitrogen in- 
put, due to liquid fertilization, lower longevity of mycorrhizal roots and 
promote fine root production at deeper soil layers. Andersson et al. 
(1997) concluded that limiting of N-fertilized peat in which Pinus sylves- 
tris + Paxillus involutus was growing induced chemical or microbial 
immobilization of the added N; this is suggested to be the main reason 
for the decreased uptake of N in lime treatments. Frey et al. (1997a) 
found in Picea abies + Hebeloma crustuliniforme ectomycorrhizae no 
Hartig net due to application of high NH/ contents in the nutrient solu- 
tion. In an N-free fertilization experiment with (P, K, Ca, Mg, S) Karen 
and Nylund (1996) suggested that moderate levels of N-free fertilization 
are not likely to drastically affect the community structure of the domi- 
nating ectomycorrhizal morphotypes of Picea abies. Ek (1997) supplied 
ammonium or nitrate exclusively to the extramatrical mycelium of 
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Paxillus involutus + Betula pendula ectomycorrhizae and found that 
respiration in the fungal compartment represents 11-29% of total fungal 
and root respiration, and the mycelium in the fungal compartment re- 
ceived 20-29% of shoot net assimilation, and 43-64% of the carbon allo- 
cated to the mcyelium was respired. 

Pesticides, Zambonelli et al. (1995) obtained evidence that the applica- 
tion of triadimefon in the open field against the powdery mildew on 
oaks infected with Tuber borchii does not enhance the growth of Hebe- 
loma sinapizans, a highly competitive fungus. Pedersen and Sylvia 
(1997) found that benomyl can successfully inhibit development of ve- 
sicular- arbuscular mycorrhizal fungi under controlled conditions in the 
greenhouse with no inhibitory effects on the ectomycorrhizal fungus 
Pisolithus tinctorius. 

Pollution - Acidification, Fruitbodies originating from an acid rain-pol- 
luted area had smaller amounts of lAA than had those of control stands 
(Kieliszewska-Rokicka et al. 1995). In substrates of neutro-basic pH, 
short-term exposures of Pinus halepensis seedlings to acid rain (pH 4.5, 
3) positively affected ectomycorrhizal fungi, in particular Suillus species 
(Honrubia and Diaz 1996). 

Pollution - Effects of Ozone (and SO^), Studying Hebeloma crustulini- 
forme + Pinus ponderosa systems, Anderson and Rygiewicz (1995) found 
that shoot-applied ozone significancly reduced activity in the fungus 
of mycorrhizal plants; the results suggest a substantial impact of ozone 
on the carbon balance of the mycorrhiza; but mycorrhizal and non- 
mycorrhizal seedlings did not appear to react differently. Ectomycorrhi- 
zal Pinus halepensis seedlings treated with gaseous SO 2 (40 ppb) showed 
only a slight reduction in percentage of mycorrhizal colonization. How- 
ever, in combination with 50 ppb ozone, mycorrhizal colonization was 
significantly reduced. Morphological alterations of mycorrhizae were 
also observed, with a reduction in the coraloid structures in favour of 
simple ones. Moreover, a change in species composition was noted, the 
ectomycorrhizae probably formed by Suillus species being replaced by 
ectendomycorrhizae (G. Diaz et al. 1996). 

Pollution - Effects of Nitrogen. In the vicinity of a pulp mill, Holopainen 
et al. (1996) found ultrastructural changes of several ectomycorrhizal 
types, the clearest of which were increased tannin depositions in cortical 
cells, intracellular growth of hyphae in cortical cells and the appearance 
of electron-dense accumulations in the vacuoles of the fungal cells; ni- 
trogen deposition is suspected to be the primary cause of root decline. 
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Pollution - Greenhouse Effect, Hodge (1996) reviewed the impact of ele- 
vated CO^ on mycorrhizal associations and implications for plant 
growth. The total uptake of sulphur by Quercus robur was enhanced by 
elevated CO^ and further enhanced by elevated CO 2 and mycorrhization 
with Laccaria laccata^ and more reduced sulphur was transported from 
the leaves to the roots in mycorrhizal plants at elevated CO^ concentra- 
tions as compared to non-inoculated seedlings (Seegmiiller et al. 1996). 
The biomass allocation between the plant and the fungi of naturally ec- 
tomycorrhizal Pinus sylvestris seedlings was not affected by a doubled 
ambient CO 2 concentration, and the proportion of fungi in the roots 
remained constant (Markkola 1996). Walker et al. (1995a) found in an 
experiment with enriched atmospheric CO^ concentrations (700 |il l'\ 
525 ]Lil r\ and ambient) that the highest mycorrhizal percent infections 
within each P treatment (68, 43, 18 |LLg g"^ soil) of Pinus ponderosa + Pi- 
solithus tinctorius varied temporally. Mycorrhizal colonization was not 
affected by the atmospheric treatments after 4 months, while seedlings 
grown in ambient CO 2 exhibited the highest percent infections within 
each P treatment after 8 months; those grown in 700 |Lil 1"^ CO 2 had the 
highest percentages after 1 year. Lewis and Strain (1996) found no inter- 
actions between CO 2 (35.5 Pa, 71.0 Pa), phosphorus supply (high, low) 
and mycorrhizal status on dry mass of 60- to 120-day-old seedlings of 
Pinus taeda ectomycorrhizal with Pisolithus tinctorius. They found, 
however, that, due to reductions in specific leaf area, elevated CO 2 re- 
duced the relative cost of the symbiosis. Kottke (1997) pointed out that 
no structural changes in mycorrhization of Picea abies + Laccaria ame- 
thystina related to elevated CO 2 occurred, but fine roots and mycorrhi- 
zae developed faster. Walker et al. (1995b) found in an CO 2 enrichment 
experiment (700 |Lil V\ 525 |xl l~\ and ambient) on Pinus ponderosa ec- 
tomycorrhizal with Pisolithus tinctorius that the response of juvenile 
plants to CO 2 enrichment is ephemeral, with the effects on roots more 
pronounced and persistent overall than those on shoots, and that the 
response is dependent on nitrogen availability. Lewis et al. (1994) ob- 
tained results that suggest that although elevated CO 2 may significantly 
increase root carbohydrate levels of Pinus taeda seedlings, the increases 
may not affect the percent of fine roots that were ectomycorrhizal with 
Pisolithus tinctorius. Godbold and Berntson (1997) found, due to ele- 
vated CO 2 concentrations, significant changes in the composition of ec- 
tomycorrhizal morphotypes on Betula papyrifera toward morphotypes 
with a higher incidence of emanating hyphae and rhizomorphs. Mark- 
kola et al. (1996) showed in an CO 2 enrichment (700 ppm) experiment 
that during a winter acclimation period the fungal biomass in the soil 
and total fungal biomass both in the roots and in the soil increased, 
while the ratio of needle biomass:fungal biomass decreased; and N con- 
centration in previous-year needles was lower in the 700-ppm CO 2 envi- 
ronment. 
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Pollution - Ejfects of Toxic Metals. Ectomycorrhizal colonization of 
Pinus strobus with Pisolithus tinctorius reduced Al toxicity on the seed- 
lings, possibly due to enhanced uptake of nutrients, especially phospho- 
rus (Schier and Macquattie 1995). The ectomycorrhizae Rhizopogon 
roseolas + Pinus sylvestris were shown to accumulate Cd and Al in the 
fungal mantle and to decrease these elements gradually along the Hartig 
net towards the inside of the root, suggesting a filtering effect (Turnau et 
al. 1996). Comparing Al-adapted and non-Al-adapted Suillus bovinus 
mycelia, Gerlitz (1996) came to the conclusion that in the Al-adapted 
fungus a detoxification of freely mobile Al-ions into a stable and insolu- 
ble complex is considered to be due to a capture of intracellular Al by 
mobile polyphosphate of shorter chain length. Lead treatment of Picea 
abies seedlings (in part ectomycorrhizal with Paxillus involutus, Pi- 
solithus tinctorius, Laccaria laccata) suggested that these ectomycorrhi- 
zal fungi differ in their effect on Pb accumulation in the roots; the bind- 
ing capacity of the extramatrical mycelium seems to be an important 
factor; P. involutus being the most efficient (Marschner et al. 1996). At a 
higher ratio than 1 between *^^Cs/K, Picea abies seedlings ectomycorrhi- 
zal with Hebeloma crustuliniforme contained a lower concentration of 
^^^Cs than non-inoculated seedlings, and in ectomycorrhizal seedlings 
the amount of ^^'‘Cs was significantly lower in needles and roots. Highest 
X-ray net counts ere found in the fungal mantle, suggesting an accumu- 
lation and slow translocation to other plant parts (Brunner et al. 1996). 
Cadmium added to cultures of Rhizopogon roseolas in the concentra- 
tions of 0.3-90 mM reduced superoxiddismutase activity and changed 
the isoform pattern of the enzyme and a new isoform appeared (Miszals- 
ki et al. 1996). Picea abies seedlings ectomycorrhizal with Hebeloma 
crustuliniforme reduced the uptake of ^^'‘Cs and ®^Sr. The degree of ecto- 
mycorrhizal colonization was of crucial importance and seemed to be 
governed by the period during which ectomycorrhizae were allowed to 
develop and by the ammonium concentration in the nutrient solution 
(Riesen and Brunner 1996). 

Pollution - Damage of Trees. Fagus sylvatica trees, both healthy and un- 
healthy growing in close vicininy, were found to grow in significantly 
different soil chemistry, with healthy trees generally growing in soils 
containing higher concentrations of calcium, magnesium and potas- 
sium, and lower aluminium/calcium ratios. Contemporarily, healthy 
trees were found to have significantly higher proportions of ectomy- 
corrhizal roots than their unhealthy neighbours (Power and Ashmore 
1996). Causin et al. (1996) demonstrated a significant decrease in the 
proportion of ectomycorrhizae between healthy and declining Quercus 
robur trees, but the probability of infection and of finding vital ectomy- 
corrhizae was alike. The authors found a variable association of some 
morphotypes with declining intensity. 
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Other Toxic Substances. Meharg et al. (1997a) found a mineralization 
capacity of Suillus variegatus and Paxillus involutus mycelium for 2,4- 
dichlorophenoL The mineralization was even greater when ectomy- 
corrhizae on Pinus sylvestris were involved. Meharg et al. (1997b) found 
that four ectomycorrhizal fungi tested were able to biotransform 2,3,6- 
trinitrotoluene in pure culture. 



e) Application of Ectomycorrhizae 

Bencivenga et al. (1994) found in a field study that Populus alba and 
Quercus pubescens were the best tree species out of seven for mycorrhi- 
zation with Tuber magnatum. Mature oak trees at the margin of a truffle 
yard were found to influence negatively the number of Tuber melano- 
sporum ectomycorrhizae which were previously synthesized on Quercus 
pubescens seedlings (Bencivenga et al. 1995b). Laurence et al. (1996) 
concluded from their experiments that ectomycorrhizal fungi could be a 
suitable tool for improving rooting in vitro and survival at acclimation 
of micropropagated conifer cuttings. 



f) Methods 

Tagu and Martin (1995) used random sequencing of cDNA clones to 
generate expressed sequence tags and found them useful to analyze 
changes in gene expression during ectomycorrhiza formation. Timonen 
(1995) avoided the problems of autofluorescence of ectomycorrhizae by 
using time-resolved fluorescence microscopy and Europium labeling. A 
sampling and counting technique was selected to evaluate objectively the 
percentage of mycorrhizae in truffle plants with acceptable errors (Ben- 
civenga et al. 1995a). Rootlet formation of somatic embryo-derived Larix 
plantlets was improved by ectomycorrhizal fungi (Piola et al. 1995). An 
improved HPLC method was developed to determine the chitin content 
of ectomycorrhizal roots based on analysis of glucosamine content 
(Ekblad and Nasholm 1996). Piombo et al. (1996) developed a method to 
measure the amounts of oxalate around ectomycorrhizal roots. A 
method for synchronization of lateral root tip emergence of seedlings 
and ectomycorrhiza formation is described by Burgess et al. (1996). Wi- 
emken and Ineichen (1996) developed a method to access the below- 
ground part of a model spruce ecosystem. Hampp et al. (1996) found no 
effect of a transgenic hybrid aspen expressing T-DNA indoleacetic- 
biosynthesis genes of Agrobacterium tumefaciens in the roots regarding 
ectomycorrhiza formation with Amanita muscaria as compared to wild 
type of Populus tremula x P. tremuloides. Schelkle et al. (1996) success- 
fully used laser scanning confocal microscopy for characterization of 
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ectomycorrhizae and for localization of associated bacteria. Sweeney et 
al. (1996) selected and cloned a repetitive 319-bp DNA probe specific to 
Laccaria amethystina, L. proxima, L. bicolor, L laccata (not to L. tor- 
tilis), Carnero et al. (1997) used ITS-5.8S as a specific probe to estimate 
fungal or plant rRNA in the symbiotic tissue of Eucalyptus globulus + 
Pisolithus tinctorius ectomycorrhizae. It was also possible to determine 
whether an mRNA was down- or upregulated. Kreuzinger et al. (1996a, 
b) were able to identify Lactarius deterrimus ectomycorrhizae by PCR 
amplification of the glycerinaldehyde-3-phosphate dehydrogenase en- 
coding genes of fruitbody and ectomycorrhizae. Frey et al. (1997a) used 
energy-dispersive X-ray microanalysis on ultrathin cryosections of high 
pressure-frozen ectomycorrhizae. Gandeboeuf et al. (1997) applied se- 
quence-characterized amplified region (SCAR) primers to distinguish 
several Tuber species, including T. melanosporum and T. indicum. Using 
esterase isozyme profiles, Timonen et al. (1997) could show that all ana- 
lyzed ten morphotypes of a microcosm system containing Pinus sylves- 
tris and unsterilie, sieved humus could be distinguished. 



g) Additional Reviews 

Finlay (1995) discusses interactions between soil acidification, plant 
growth and nutrient uptake in ectomycorrhizal associations of forest 
trees, focuses on methodological problems, and works out research pri- 
orities for future investigations. Two of the major problems are seen in 
the lack of possibilities to identify the ectomycorrhizae involved in tree 
nutrition and in the distinction of mycorrhizal biomass and activity 
from that of the other soil microorganisms. Entry et al. (1996) proposed 
ectomycorrhizal plants as a viable and cost-effective method to remove 
redionuclides from soils that have been contaminated by nuclear testing 
and nuclear reactor accidents. Tagu and Martin (1996) focus on molecu- 
lar analysis of cell-wall proteins expressed during the early stage of ec- 
tomycorrhiza development. Siderophore production of mycorrhizal 
fungi was reviewed by Haselwandter (1995). Plant-microbe mutualisms 
dependent community structures are reviewed by Read (1995). Colpaert 
and van Tichelen (1996b) compile the roles of environmental stress 
(excess nitrogen, excess CO^, heavy metals) on ectomycorrhizae. 

The long-desired, completely revised second edition of Mycorrhizal 
Symbiosis has now been published (Smith and Read 1997). 



2 Ectendomycorrhiza 

Wilcoxina mikolae and W, rehmii produced in culture the siderophore 
ferricrocin (Prabhu et al. 1996). 
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3 Monotropoid Mycorrhiza 

Using molecular identifications methods, Cullings et al. (1996) could 
show that some Monotropaceae are highly specific in their fungal asso- 
ciations, and at least one species, Pterospora andromedea, is specialized 
on a single species group within the genus Rhizopogon; phylogenetic 
analysis of the Monotropaceae showed that specialization had been de- 
rived from narrowing of fungal associations within the lineage contain- 
ing P. andromedea. Kasuya et al. (1995) compared the mycorrhizae of 
Monotropastrum globosum and the intermingling ectomycorrhizae of 
Fagus crenata, and concluded due to anatomical similarities that the 
typical monotropoid and the ectomycorrhizae are formed by the same 
fungus. 



4 Some Highlights of This Report Period 

The fossil record of typical Rhizopogon- or Suillus-\\ke pine ectomy- 
corrhizae from Eocone time suggests that ectomycorrhizae have not 
changed much during the past 50 million years. The beginning of ecto- 
mycorrhizal evolution must date back considerably longer. The new 
advice for determination of ectomycorrhizae, called DEEMY, should 
help, particularly when a more updated version is available, to deter- 
mine ectomycorrhizae on an anatomical basis. An increasing amount of 
DNA studies will possibly result in future in more identifications and 
species-specific determinations of ectomycorrhizae. The discovery of a 
new zygomycetous genus (Densospora) which is capable of forming ec- 
tomycorrhizae can be a motive to search for more such species of this 
fungal relationship. 

The application of species-specific DNA primers is obviously a very 
good possibility for population studies on ectomycorrhizal fungi in the 
field. Some success has already been published not only with respect to 
persistence of fungal clones but also regarding relations between above- 
ground and below-ground components. 

The studies of hydrophobins and their role during ectomycorrhiza 
formation are now coming into focus. Considerable more research has 
to be done to understand the purpose of these compounds, as is true of 
studies regarding the cytoskeleton. 

Studies on the impact of elevated CO^ on mycorrhizae and carbon al- 
location have increased during the past period; but still considerably 
more investigations have to be performed to obtain a more consistent 
picture. Too diverse are the plant and fungal species and the soil condi- 
tions which have to be considered. 




Mycorrhizae: Ectotrophic and Ectendotrophic Mycorrhizae 



491 



References 

Abourouh M, Najim L (1995) Les different types d'ectomycorhizes naturelles de Cedrus 
atlantica Manetti au Maroc. Crypt Bot 5:332-340 
Agerer R (1995) Index of unidentified ectomycorrhizae. IV. Names and identifications 
published 1993-1994. Mycorrhiza 5(6):449-450 
Agerer R (1996a) Ectomycorrhizae of Tomentella albomarginata (Thelephoraceae) on 
Scots pine. Mycorrhiza 6:1-7 

Agerer R (1996b) Characterization of ectomycorrhizae: a historical overview. Descr Ec- 
tomyc 1:1-22 

Agerer R (1996c) Ramaria aurea (Schaeff.: Fr.) Qu^l. + Fagus sylvatica. L. Descr Ectomyc 
1:107-112 

Agerer R (1996d) Ramaria largentii Marr 8c D. E. Stuntz + Picea abies (L.) Karst. Descr 
Ectomyc 1:113-118 

Agerer R (1996e) Ramaria spinulosa (Fr.) Quel. + Fagus sylvatica L. Descr Ectomy 1:119- 
124 

Agerer R (1996f) Ramaria subbotrytis (Coker) Corner + Quercus robur L. Descr Ectomyc 
1:125-130 

Agerer R (1997a) Entoloma sinuatum (Bull.: Fr.) Kummer + Salix spec. Descr Ectomyc 
2:13-18 

Agerer R, Molina R (1997) "Tsugaerhiza luteoannulata" + Tsuga heterophylla (Rafin.) 
Sarg. Descr Ectomyc 2:79-84 

Agerer R, Otto P (1997) Bankera fuligineo-alba (J. C. Schmidt: Fr.) Pouzar + Pinus 
sylvestris L. Descr Ectomyc 2:1-6 

Agerer R, Rambold G (1996) DEEMY a DELTA-based information system for characteri- 
zation and DEtermination of EctoMYcorrhizae. Section Mycology, Institute for Sys- 
tematic Botany, University of Miinchen 

Agerer R, Trappe JM (1997) "Tsugaerhiza tripigmentata + Tsuga heterophylla (Rafin.) 
Sarg. Descr Ectomyc 2:85-89 

Agerer R, Klostermeyer D, Steglich W, Franz F, Acker G (1996a) Ectomycorrhizae of 
Albatrellus ovinus (Scutigeraceae) on Norway spruce with some remarks on the sys- 
tematic position of the family. Mycotaxon 59:289-307 
Agerer R, Kraigher H, Javornik B (1996b) Identification of ectomycorrhizae of Hydnum 
rufescens on Norway spruce and the variability of the ITS region of H. rufescens and 
H. repandum (Basidiomycetes). Nova Hedwigia 63:183-194 
Agerer R, Muller WR, Bahnweg G (1996c) Extomycorhizae of Rhizopogon subcaerulescens 
on Tsuga heterophylla. Nova Hedwigia 63(3-4):397-415 
Anderson CP, Rygiewicz P (1995) Allocation of carbon in mycorrhizal Pinus ponderosa 
seedlings exposed to ozone. New Phytol 13(4):471-480 
Andersson S, Jensen P, Soderstrom B (1996) Effects of mycorrhizal colonization by Paxil- 
lus involutus on uptake of Ca and P by Picea abies and Betula pendula grown in un- 
limed and limed peat. New Phytol 133(4):695-704 
Andersson S, Ek H, Soderstrom B (1997) Effects of liming on the uptake of organic and 
inorganic nitrogen by mycorrhizal (Paxillus involutus) and non-mycorrhizal Pinus 
sylvestris plants. New Phytol 135(4):763-771 

Baar J, Elferink MO (1996) Ectomycorrhizal development on Scots pine (Pinus sylvestris 
L.) seedlings in different soils. Plant Soil 179(2):287-292 
Balestrini R, Hahn MG, Bonfante P (1996) Location of cell- wall components in ectomy- 
corrhizae of Corylus avellana and Tuber magnatum. Protoplasma 191(l-2):55-69 
Beenken L, Agerer R (1996) "Piceirhiza stagonopleres" + Picea abies (L.) Karst. Descr 
Ectomyc 1:71-76 

Beenken L, Agerer R, Bahnweg G (1996a) Inocybe appendiculata Kiihn. + Picea abies (L.) 
Karst. Descr Ectomyc 1:35-40 




492 Ecology and Vegetation Science 

Beenken L, Agerer R, Bahnweg G (1996b) Inocybe fuscomarginata Kiihn. + Salix 
spec. fPopulus nigra L. Descr Ectomyc 1:41-46 
Beenken L, Agerer R, Bahnweg G (1996c) Inocybe obscurobadia (J. Favre) Grund & D.E. 

Stuntz + Picea abies (L.) Karst. Descr Ectoymc 1:47-52 
Beenken L, Agerer R, Bahnweg G (1996d) Inocybe terrigena (Fr.) Kuyper + Pinus sylves- 
tris L. Descr Ectomyc 1:53-58 

Beguiristain T, Lapeyrie F (1997) Host plant stimulates hypaphorine accumulation in 
Pisolithus tinctorius hyphae during ectomymcorrhizal infection while excreted fungal 
hypaphoric controls root hair development. New Phytol 136(3):525-532 
Bencivenga M, Donnini D, Cenci CA, Hasko A (1994) The development of symbiont 
plants and the analysis of mycorrhizas in a cultivated truffle bed of Tuber magnatum 
Pico. Ann Fac Agric Univ Perugia 45:321-338 
Bencivenga M, Donnini D, Tanfulli M, Guiducci M (1995a) Sampling technique of the 
roots and the root tips to evaluate truffle plants. Micol Ital 24(2):35-47 
Bencivenga M, Di Massimo G, Donnini D, Tanfullu M (1995b) Analysis of mycorrhiza- 
tion and development of truffles set out in 1982 at varying distances from mature oak 
trees. Micol Ital 24(3):110-116. 

Bending GD, Read DJ (1996a) Nitrogen mobilization from protein-polyphenol complex 
by ericoid and ectomycorrhizal fungi. Soil Biol Biochem 28(12):1603-1612 
Bending GD, Read DJ (1996b) Effects of the soluble polyphenol tanninic acid on the 
activites of ericoid and ectomycorrhizal fungi. Soil Biol Biochem 28(12): 1595-1602 
Bhat M, Jeyarajan R, Ramarj B (1997) Biocontrol of damping off of Eucalyptus tereticor- 
nis Sm. using ectomycorrhizae. Indian For 123(4):307-312 
Boerner REJ, DeMars BG, Leicht PN (1996) Spatial patterns of mycorrhizal infectiveness 
of soils along a successional chronosequence. Mycorrhiza 6(2):79-90 
Brundrett MC, Abbott LK (1995) Mycorrhizal fungus propagules in the jarrah forest. II. 

Spatial variability in inoculum levels. New Phytol 131(4):461-469 
Brunner I, Frey B, Riesen TK (1996) Influence of ectomycorrhization and cesium/potas- 
sium ratio on uptake and localization of cesium in Norway spruce seedlings. Tree 
Physiol 16(8):705-711 

Burgess T, Dell B (1996) Changes in protein biosynthesis during the differentiation of 
Pisolithus-Eucalyptus grandis ectomycorrhiza. Can J Bot 74(4):553-560 
Burgess T, Dell B, Malajczuk N (1996) In vitro synthesis of Pisolithus-Eucalyptus ectomy- 
corrhizae: synchronization of lateral root tip emergence and ectomycorrhizal devel- 
opment. Mycorrhiza 6(3):189-196 

Cairney JWG, Burke RM (1996) Physiological heterogeneity within fungal mycelia: an 
important concept for a functional understanding of the ectomycorrhizal symbiosis. 
New Phytol 134:685-695 

Cairney JWG, Chambers SM (1997) Interactions between Pisolithus tinctorius and its 
hosts: a review of current knowledge. Mycorrhiza 7(3):1 17-131 
Carlson CA (1994) The influence of fertilization on ectomycorrhizal colonization of Pinus 
patula roots. S Afr Bosboutydskr 171:1-6 

Carnero D, Carnero E, Tagu D, Martin F (1997) Ribosomal DNA internal transcribed 
spacers to estimate the proportion of Pisolithus tinctorius and Eucalyptus globulus 
RNAs in ectomycorrhiza. Appl Environ Microbiol 63(3):840-843 
Causin R, Montecchio L, Mutto Accord! S (1996) Probability of ectomycorrhizal infection 
in a declining stand of common oak. Ann Sci For 53:743-752 
Chase MW, 41 others (1993) Phylogenetics of seed plants: an analysis of nucleotide se- 
quences from the plastid gene rbcL. Ann Mo Bot Card 80:528-580 (cited in Fitter and 
Moyersoen 1996) 

Colpaert JV, van Laere A (1996) A comparison of the extracellular enzyme activities of 
two ectomycorrhizal and leaf-saprotrophic basidiomycetes colonizing beach leaf lit- 
ter. New Phytol 134(1):133-141 




Mycorrhizae: Ectotrophic and Ectendotrophic Mycorrhizae 



493 



Colpaert JV, van Tichelen KK (1996a) Decomposition, nitrogen and phosphorus miner- 
alization from beech leaf litter colonized by ectomycorrhizal or litter-decomposing 
basidiomycetes. New Phytol 134(1):123-132 

Colpaert JV, van Tichelen KK (1996b) Mycorrhizas and environmental stress. In: 
Frankland JC, Magan N, Gadd GM (eds) Fungi and environmental stress. Cambridge, 
Univ Press, Cambridge, pp 109-128 

Colpaert JV, Van Laere A, Van Assche JA (1996) Carbon and nitrogen allocation in ecto- 
mycorrhizal and non-mycorrhizal Pinus sylvestris L. seedlings. Tree Physiol 
16(9):787-793 

Colpaert JV, van Laere A, van Tichelen KK, van Assche A (1997) The use of inositol 
hexaphosphate as a phosphorus source by mycorrhizal and non-mycorrhizal Scots 
pine {Pinus sylvestris). Functional Ecol 11(4):407-415 
Comandini O, Pacioni G (1997) Mycorrhizae of Asian black truffles. Tuber himalayense 
and T. indicum. Mycotaxon 63:77-86 

Cripps CL (1997a) Inocybe lacera (Fr.: Fr.) Kumm. + Populus tremuloides Michx. Descr 
Ectomyc 2:19-23 

Cripps CL (1997b) Tricholoma scalpturatum (Fr.) Qudl. + Populus tremuloides Michx. 
Descr Ectomyc 2:73-78 

Cullings KW, Szaro TM, Bruns TD (1996) Evolution of extreme specialization within a 
lineage of ectomycorrhizal epiparasites. Nature (Lond) 379(6560):63-66 
Cumming JR (1996) Phosphate-limitation physiology in ectomycorrhizal pitch pine 
{Pinus rigida) seedlings. Tree Physiol 16(ll-12):977-983 
Davies FT Jr, Svenson SE, Cole JC, Phavaphutanon L, Duray SA, Olalde- Portugal V, Meier 
CE, Bo SH (1996) Non-nutritional stress acclimation of mycorrhizal woody plants ex- 
posed to drought. Tree Physiol 16(ll-12):985-993 
De la Bastide PY, Kropp BR, Piche Y (1995) Vegetative interactions among mycelia of 
Laccaria bicolor in pure culture and symbiosis with Pinus banksiana. Can J Bot 
73(11):1768-1779 

Di Battista C, Selosse M-A, Bouchard D, Stenstrdm E, le Tacon F (1996) Variation in 
symbiotic efficiency, phenotypic characters and ploidy level among different isolates 
of the ectomycorrhizal basidiomycete Laccaria bicolor strain S 238. Mycol Res 
100(11):1315-1324 

Diaz EC, Martin F, Tagu D (1996) Eucalypt a-tubulin: cDNA cloning and increased level 
of transcripts in ectomycorrhizal root system. Plant Mol Biol 31(4):905-910 
Diaz G, Barrantes O, Honrubia M, Garcia C (1996) Effect of ozone and sulfur dioxide on 
mycorrhizae of Pinus halepensis Miller. Ann Sci For (Paris) 53(4):849-856 
Eberhart J, Luoma D (1996) Tr unco columella citrina Zeller + Pseudotsuga menziesii 
(Mirb.) Franco. In: Goodman DM, Durall DM, Trofymow JA, Berch SM (eds) Concise 
descriptions of some North American ectomycorrhizae. Canada- BC Forest Resource 
Development Agreement, Canadian Forest Service, Victoria, BC, pp CDE9.1-CDE9.4 
Ek H (1997) The influence of nitrogen fertilization on the carbon economy of Paxillus 
involutus in ectomycorrhizal association with Betula pendula. New Phytol 135:133- 
142 

Ek H, Andersson S, Soderstrom B (1996) Carbon and nitrogen flow in silver birch and 
Norway spruce connected by a common mycorrhizal mycelium. Mycorrhiza 6(6):465- 
467 

Ekblad A, Huss-Danell K (1995) Nitrogen fixation by Alnus incana and nitrogen transfer 
from A. incana to Pinus sylvestris influenced by macronutrients and ectomycorrhiza. 
New Phytol 131(4):453-459 

Ekblad A, Nasholm T (1996) Determination of chitin in fungi and mycorrhizal roots by 
an improved HPLC analysis of glucosamine. Plant Soil 178(1 ):29-35 




494 



Ecology and Vegetation Science 



Ekblad A, Wallander H, Carlsson R, Huss-Danell K (1995) Fungal biomass in roots and 
extramatrical mycelium in relation to macronutrients and plant biomass of ectomy- 
corrhizal Pinus sylvestris and Alnus incana. New Phytol 131(4):443-451 
Eltrop L, Marschner H (1996a) Growth and mineral nutrition of non-mycorrhizal and 
mycorrhizal Norway spruce {Picea ahies) seedlings grown in semi- hydroponic sand 
culture. II. Carbon partitioning in plants supplied with ammonium or nitrate. New 
Phytol 133(3):479-486 

Eltrop L, Marschner H (1996b) Growth and mineral nutrition of non-mycorrhizal and 
mycorrhizal Norway spruce {Picea abies) seedlings grown in semi-hydroponic sand 
cultures. I. Growth and mineral nutrient uptake in plants supplied with different 
forms of nitrogen. New Phytol 133(3):469-478 
Entry JA, Vance NH, Hamilton MA, Zabowski D, Watrud LS, Adriano DC (1996) Phy- 
toremediation of soil contaminated with low concentrations of radionuclides. Water 
Air Soil Pollut 88(1-2):167-176 

Erland S (1995) Abundance of Tylospora fibrillosa ectomycorrhizas in a south Swedish 
spruce forest measured by RFLP analysis of the PCR-amplified rDNA ITS region. My- 
col Res 99(12):1425-1428 

Fernando AA, Currah RS (1996) A comparative study of the effects of the root endo- 
phytes Leptodontidium orchidicola and Phialocephala fortinii (Fungi imperfecti) on 
the growth of some subalpine plants in culture. Can J Bot 74(7):1071-1078 
Finlay RD (1995) Interactions between soil acidification, plant growth and nutrient up- 
take in ectomycorrhizal associations in forest trees. Ecol Bull 44:197-214 
Fischer CR, Agerer R (1996) "Quercirhiza argenteobrunneola" + Quercus ilex L. Descr 
Ectomyc 1:101-105 

Fitter AH, Moyersoen B (1996) Evolutionary trends in root-microbe symbioses. Philos 
Trans R Soc Lond B 351:1367-1375 

Franz F, Acker G (1995) Ultrastructural location of proteins in rhizomorphs and mantles 
of natural spruce ectomycorrhizae. Nova Hedwigia 61(3-4):367-376 
Frey B, Brunner I, Walther P, Scheidegger C, Zierold K (1997a) Element localization in 
ultrathin cryosections of high-pressure frozen ectomycorrhizal spruce roots. Plant 
Cell Environ 20(7):929-937 

Frey P, Frey-Klett P, Garbaye J, Berge O, Heulin T (1997b) Metabolic and genotypic fin- 
gerprinting of fluorescent pseudomonads associated with the Douglas-fir Laccaria hf- 
color mycorrhizoshere. Appl Environ Microbiol 63(5):1852-1860 
Frey-Klett P, Pierrat JC, Garbaye J (1997) Location and survical of mycorrhiza helper 
Pseudomonas fluorescens during establishment of mycorrhizal symbiosis between 
Laccaria bicolor and Douglas fir. App Environ Microbiol 63(1):139-144 
Gagnon J, Langlois CG, Bouchard D, Le Tacon F (1995) Growth and ectomycorrhizal 
formation of container-grown Douglas-fir seedlings inoculated with Laccaria bicolor 
under four levels of nitrogen fertilization. Can J Forest Res 25(12):1953-1961 
Gardes M, Bruns TD (1996) Community structure of ectomycorrhizal fungi in a Pinus 
muricata forest: above- and below-ground views. Can J Bot 74(10): 1572- 1583 
Gandeboeuf D, Depr^ C, Roeckel-Drev^t P, Nicolas P, Chevalier G (1997) Typing Tuber 
ectomycorrhizae by polymerase chain amplification of the internal transcribed spacer 
of rDNA and the sequence characterized amplified region markers. Can J Microbiol 
43:723-728 

Gay G, Sotta B, Tranvan H, Gea L, Vian B (1995) Fungal auxin is involved in ectomy- 
corrhiza formation: genetical, biochemical and ultrastructural studies with lAA over- 
producer mutants of Hebeloma cylindrosporum. In: Sandermann H Jr, Bonnet- 
Masimert M (eds) Contribution to forest tree physiology. INRA, Paris, pp 215-231 
Gehring CA, Cobb NS, Whitham TG (1997) Three-way interactions among ectomycorrhi- 
zal mutualists, scale insects, and resistant and susceptible pinyon pines. Am Nat 
149(5):824-841 




Mycorrhizae: Ectotrophic and Ectendotrophic Mycorrhizae 



495 



Gerlitz TGM (1996) Effects of aluminium on polyphosphate mobilization of the ectomy- 
corrhizal fungus Suillus bovinus. Plant Soil 178(1):133-140 

Godbold DL, Berntson GM (1997) Elevated atmospheric CO^ concentration changes 
ectomycorrhizal morphotype assemblages on Betula papyrif era. Tree Physiol 17:347- 
350 

Golldack J, Miinzenberger B, Agerer R, Htittl RF (1996a) "Pinirhiza granulosa" + Pinus 
sylvestris L. Descr Ectomyc 1:77-81 

Golldack J, Miinzenberger B, Agerer R, Hiittl RF (1996b) "Pinirhiza stellannulata" + 
Pinus sylvestris L. Descr Ectomyc 1:89-93 

Golldack J, Miinzenberger B, Hiittl RF (1997a) "Pinirhiza lactogelatinosa" + Pinus sylves- 
tris L. Descr Ectomyc 2:49-53 

Golldack J, Miinzenberger B, Hiittl RF (1997b) "Pinirhiza lactariosimilis" + Pinus sylves- 
tris L. Descr Ectomyc 2:43-48 

Goodman DM, Trofymow JA (1996) Piloderma fallax (Libert) Stalpers + Pseudotsuga 
menzesii (Mirb.) Franco. In: Goodman DM, Durall DM, Trofymow JA, Berch SM (eds) 
Concise descriptions of some North American ectomycorrhizae. Canada- BC Forest 
Resource Development Agreement, Canadian Forest Service, Victoria, BC, 
pp CDE1.1-CDE1.4 

Graf F, Brunner I (1996) Natural and synthesized ectomycorrhizas of the alpine dwarf 
willow Salix herbacea. Mycorrhiza 6:227-255 

Granetti B (1995) Caratteristiche morfologiche, biometriche e strutturali delle micorrize 
di Tuber di interesse economico. Mic Ital 24(2):101-117 

Griffiths RP, Bradshaw GA, Marks B, Lienkkaemper GW (1996) Spatial distribution of 
ectomycorrhizal mats in coniferous forests of the Pacific Northwest. Plant Soil 
180(1):147-158 

Gryta H, Debaud JC, Effosse A, Gay G, Marmeisse R (1997) Fine-scale structure of popu- 
lations of the ectomycorrhizal fungus Hebeloma cylindrosporum in coastal sand dune 
forest ecosystems. Mol Ecol 6(4):353-364 

Hampp R, Schaeffer C, Wallenda T. Stulten C, Johann P, Einig W (1995) Changes in 
carbon partitioning or allocation due to ectomycorrhiza formation: biochemichal 
evidence. Can J Bot 73(Suppl 1):S548-S556 

Hampp R, Ecke M, Schaeffer C, Wallenda T, Wingler A, Kottke I, Sundberg B (1996) 
Axenic mycorrhization of wild type and transgenic hybrid aspen expressing T-DNA 
indoleacetic acid-biosynthesis genes. Trees (Berl) ll(l):59-64 

Haselwandter K (1995) Mycorrhizal fungi: sidephore production. Crit Rev Biotechnol 
15(3/4):287-291 

Hauer RJ, Dawson JO (1996) Growth and iron sequestering of pin oak {Quercus palustris) 
seedlings inoculated with soil containing ectomycorrhizal fungi. J Arboricult 
22(3):122-130 

Helm DJ, Allen EB, Trappe JM (1996) Mycorrhizal chronosequence near Exit Glacier, 
Alaska. Can J Bot 74(9):1496-1506 

Hodge A (1996) Impact of elevated CO^ on mycorrhizal associations and implications for 
plant growth. Biol Fertil Soils 23:388-398 

Hodge A, Alexander IJ, Gooday GW (1995) Chitinolytic activities of Eucalyptus pilularis 
and Pinus sylvestris root systems challenged with mycorrhizal and pathogenic fungi. 
NewPhytol 131(2):255-261 

Hodge A, Alexander IJ, Gooday GW, Williamson FA (1996) Localization of chitinolytic 
activities in Fagus sylvatica mycorrhizas. Mycorrhiza 6(3): 18 1-187 

Hogberg P, Hogbom L, Schinkel H, Hogberg M, Johannisson C, Wallmarki H (1996) '^N 
abundance of surface soils, roots and mycorrhizae in profiles of European forest soils. 
Oecologia (Berl) 108(2):207-214 




496 



Ecology and Vegetation Science 



Holopainen T, Heinonen-Tanski H, Halonen A (1996) Injuries to Scots pine mycorrhizas 
and chemical gradients in forest soil in the environment of a pulp mill in central Fin- 
land. Water Air Soil Pollut 87(1-4):1 11-130 

Honrubia M, Diaz G (1996) Effect of simulated acid rain on mycorrhiza of Aleppo pine 
(Pinus halepensis Miller) in calcareous soil. Ann Sci For (Paris) 53(5):947-954 
Hwang S-H, Chakravarty P, Chang K-F (1995) The effect of two ectomycorrhizal fungi, 
Paxillus involutus and Suillus tomentosusy and of Bacillus subtilis on Fusarium 
damping-off in Jack pine seedlings. Phytoprotection 76(2):57-66 
Ingleby K, Mason PA (1996) Ectomycorrhizas of Thelephora terrestris formed with Euca- 
lyptus globulus. Mycologia 88(4):548-553 

Jakucs E, Agerer R, Bratek Z (1997) "Quercirhiza fibulocystidiata" + Quercus spec. Descr 
Ectomyc 2:67-71 

Kdren O, Nylund J-E (1996) Effects of N-free fertilization on ectomycorrhiza community 
structure in Norway spruce stands in southern Sweden. Plant Soil 181:295-305 
Kasuya MCM, Masaka K, Igarashi T (1995) Mycorrhizae of Monotropastrum globosum 
growing in a Fagus crenata forest. Mycoscience 36(4):46 1-464 
Kieliszewska-Rokicka B, Rudawska M, Leski T (1995) Effects of acid rain and aluminium 
on ectomycorrhiza symbiosis: alteration of lAA-synthesizing activity in ectomy- 
corrhizal fungi. Bulgar J Plant Physiol 21(2-3):111-119 
Kottke I (1997) Fungal adhesion pad formation and penetration of root cuticle in early 
stage mycorrhizas of Picea abies and Laccaria amethystea. Protoplasma 196:55-64 
Kottke I, Pargney JC, Qian XM, Le Disquet I (1995) Passage and deposition of solutes in 
the hyphal sheath of ectomycorrhizas - the soil-root interface. In: Sandermann J Jr, 
Bonnet-Masimbert M (eds) Contribution to tree physiology. INRA Paris, pp 255-271 
Kreuzinger N, Podeu R, Gobi F, Gruber F, Kubicek CP (1996a, b) Identification of some 
ectomycorrhizal basidiomycetes by PCR- amplification of their gpd (glycerinal- 
dehyde-3 -phosphate dehydrogenase encoding) genes. Phytol (Horn) 36(4):109-118; 
Applied Environ Microbiol 62(9):3432-3438 

Kropp BR (1997) Inheritance of the ability for mycorrhizal colonization of Pinus strobus 
by Laccaria bicolor. Mycologia 89(4):578-585 
Laurence N, Bartschi H, Debaud J-C, Gay G (1996) Rooting and acclimatization of micro- 
propagated cuttings of Pinus pinaster and Pinus sylvestris are enhanced by the ecto- 
mycorrhizal fungus Hebeloma cylindrosporum. Physiol Plant 98(4):759-766 
Lepage BA, Currah RS, Stockey RA, Rothwell GW (1997) Fossil ectomycorrhizae from the 
middle Eocene. Am J Bot 84(3):410-412 

Leprince F, Quiquampoix H (1996) Extracellular enzyme activity in soil: effect of pH and 
ionic strength on the interaction with montmorillonite of two acid phosphatases se- 
creted by the ectomycorrhizal fungus Hebeloma cylindrosporum. Eur J Soil Sci 
47(4):51 1-522 

Lewis JD, Strain BR (1996) The role of mycorrhizas in response of Pinus taeda seedlings 
to elevated CO^. New Phytol 133:431-443 

Lewis JD, Thomas RB, Strain BR (1994) Effect of elevated CO^ on mycorrhizal coloniza- 
tion of loblolly pine (Pinus taeda L.) seedlings. Plant Soil 165:81-88 
Lorillou S, Botton B, Martin F (1996) Nitrogen source regulates the biosynthesis of 
NADP-glutamate dehydrogenase in the ectomycorrhizal basidiomycete Laccaria bi- 
color. New Phytol 132(2):289-296 

Maia LC, Yano AM, Kimbrough JW (1996) Species of Ascomycota forming ectomycorrhi- 
zae. Mycotaxon 57:371-390 

Majdi H, Nylund J-E (1996) Does liquid fertilization affect fine root dynamics and 
lifespan of mycorrhizal short roots? Plants Soil 185(2):305-309 
Mamoun M, Olivier J-M (1996) Receptivity of cloned hazels to artificial ectomycorrhizal 
infection by Tuber melanosporum and symbiotic competitors. Mycorrhiza 6(1): 15-1 9 




Mycorrhizae: Ectotrophic and Ectendotrophic Mycorrhizae 



497 



Mamoun M, Olivier JM (1997) Mycorrhizal inoculation of cloned hazels by Tuber 
melanosporum: effect of soil disinfectation and co-culture with Festuca ovina. Plant 
Soil 188(2):221-226 

Marchetti M, Varese GC (1996) Influence of Verticillium bulbillosum on in vitro forma- 
tion of mycorrhizae by Laccaria laccata and Hebeloma crustuliniforme with Picea 
abies. Allionia 34:45-54 

Markkola AM (1996) Resource allocation in ectomycorrhizal symbiosis in Scots pine 
affected by environmental changes. Acta Univ Ouluensis Ser A Sci Rer Nat 278:1-43 
Markkola AM, Ohtonen A, Ahonen-Jonnarth U, Ohtonen R (1996) Scots pine responses 
to COj enrichment. I. Ectomycorrhizal fungi and soil fauna. Environ Pollut 94(3):309- 
316 

Marschner P, Godbold DL (1995) Mycorrhizal infection and ageing affect element local- 
ization in short roots of Norway spruce {Picea abies (L.) Karst.). Mycorrhiza 5(6):417- 
422 

Marschner P, Godbold DL, Jentschke G (1996) Dynamics of lead accumulation in my- 
corrhizal and non-mycorrhizal Norway spruce {Picea abies (L.) Karst). Plant Soil 
178(2):239-245 

Martin F, Laurent P, de Carvalho D, Burgess T, Murphy P, Nehls U, Tagu D (1995) Fungal 
gene expression during ectomycorrhiza formation. Can J Bot 73(Suppl 1):S541-S547 
McElhinney C, Mitchell DT (1995) Influence of mycorrhizal fungi on the response of 
Sitka spruce and Japanese larch to forms of phosphorus. Mycorrhiza 5(6):409-415 
McGee PA (1996) The Australian zygomycetous mycorrhizal fungi: the genus Densospora 
gen. nov. Aust Syst Bot 9:329-336 

Meharg AA, Cairney WG, Maguire N (1997a) Mineralization of 2,4-dichlorophenol by 
ectomycorrhizal fungi in axenic culture and in symbiosis with pine. Chemosphere 
34(12):2495-2504 

Meharg AA, Dennis GR, Cairney JWG (1997b) Biotransformation of 2,4,6-trinitrotoluene 
(TNT) by ectomycorrhizal basidiomycetes. Chemosphere 35(3):5 13-521 
Michelsen A, Schmidt IK, Jonasson S, Quarmby C, Sleep D (1996) Leaf ‘^N abundance of 
subarctic plants provides field evidence that ericoid, ectomycorrhizal, and non- and 
arbuscular mycorrhizal species access different sources of soil nitrogen. Oecologia 
(Berl) 105(l):53-63 

Miszalski Z, Botton B, Turnau K (1996) New SOD isoform in Rhizopogon roseolas (Corda 
in Sturm) in the presence of cadmium. Acta Physiol Plant 18(2):129-134 
Mleczko P (1996) "Pinirhiza lutea" + Pinus sylvestris L. Descr Ectomyc 1:83-88 
Mleczko P (1997a) Paxillus involutus (Batsch) Fr. + Pinus sylvestris L. Descr Ectomyc 
2:25-30 

Mleczko P (1997b) "Populirhiza pustulosa" -I- Populus tremula L. Descr Ectomyc 2:61-66 
Montecchio L, Agerer R (1997) "Piceirhiza cornuta" -¥ Picea abies (L.) Karst. Descr Ecto- 
myc 2:31-35 

Moyersoen B (1996a) "Tetraberliniaerhiza bicolor" + Tetraberlinia bifoliolata (Harms) 
Haumann. Descr Ectomyc 1:137-141 

Moyersoen B (1996b) "Tetraberliniaerhiza cerviformis" + Tetraberlinia bifoliata (Harms) 
Haumann. Descr Ectomyc 1:143-147 

Moyersoen B (1996c) "Tetraberliniaerhiza hetercystidiae" + Tetraberlinia bifoliolata 
(Harms) Haumann. Descr Ectomyc 1:149-153 
Muller WR, Agerer R (1996a) Hyterangium crassirhachis Zeller & Dodge + Pseudotsuga 
menziesii (Mirb.) Franco. Descr Ectomyc 1:29-34 
Muller WR, Agerer R (1996b) "Pseudotsugaerhiza baculifera" + Pseudotsuga menziesii 
(Mirb.) Franco. Descr Ectomyc 1:95-100 

Muller WR, Rauscher T, Agerer R, Chevalier G (1996a) Tuber aestivum Vitt. + Corylus 
avellana L. Descr Ectomyc 1:167-172 




498 Ecology and Vegetation Science 

Muller WR, Rauscher T, Agerer R, Chevalier G (1996b) Tuber unicatum Chat.. + Corylus 
avellana L. Descr Ectomyc 1:173-178 

Miinzenberger B, Otter T, Wiistrich D, Polle A (1997) Peroxidase and laccase activities in 
mycorrhizal and non-mycorrhizal fine roots of Norway spruce (Picea abies) and larch 
(Larix decidua). Can J Bot 75(6):932-938 

Niini SS, Tarkka MT, Raudaskoski M (1996) Tubulin and actin protein patterns in Scots 
pine (Pinus sylvestris) roots and developing ectomycorrhiza with Suillus bovinus. 
Physiol Plant 96(2): 186- 192 

Olsson PA, Chalot M, Baath E, Finlay RD, Soderstrom B (1996) Ectomycorrhizal mycelia 
reduce bacterial activity in a sandy soil. FEMS Microbiol Ecol 21(2):77-86 
Palfner G (1996) Thaxterogaster albocanus Horak & Moser + Nothofagus pumilio (Poepp. 
et Endl.) Kramer. Descr Ectomyc 1:155-160 

Palfner G (1997) Descolea antarctica Singer + Nothofagus alpina (Poepp. et Endl.) Oerst. 
Descr Ectomyc 2:7-12 

Palfner G, Agerer R (1996a) "Quercirhiza squamosa": an unidentified ectomycorrhiza on 
Quercus robur. Sendtnera 3:137-145 

Palfner G, Agerer R (1996b) Ectomycorrhizae of Lactarius chrysorrheus and Lactarius 
serifluus on Quercus robur. Sendtnera 3:119-136 
Palfner G, Godoy R (1996a) "Nothofagirhiza vinicolor" + Nothofagus pumilio (Poepp. et 
Endl.) Kramer. Descr Ectomyc 1:65-70 

Palfner G, Godoy R (1996b) Russula fuegiana Singer + Nothofagus pumilio (Poepp. et 
Endl.) Kramer. Descr Ectomyc 1:131-136 

Pargney JC, Prevost A (1996) Comparison of natural ectomycorrhizae between beech 
(Fagus sylvatica) and two fungi {Lactarius blennius var. viridis and Lactarius subdul- 
cis). II. Cytochemical characterization of interfaces. Ann Sci For 53:991-1003 
Paris F, Bonnaud P, Ranger J, Lapeyrie F (1995) In vitro weathering of phlogopite by 
ectomycorrhizal fungi: I. Effect of K^ and Mg^^ deficiency on phyllosilicate evolution. 
Plant Soil 177(2):191-201 

Paris F, Botton B, Lapeyrie F (1996) In vitro weathering of phlogopite by ectomycorrhizal 
fungi. II. Effect of K^ and Mg^^ deficiency and N sources on accumulation of oxalate 
and H". Plant Soil 179(4):141-150 

Parlade J, Alvarez IF, Pera J (1996) Ability of native ectomycorrhizal fungi from northern 
Spain to colonize Douglas-fir and other introduced conifers. Mycorrhiza 6(1 ):5 1-55 
Pastor J, Dewey B, Christian DP (1996) Carbon and nutrient mineralization and fungal 
spore composition of fecal pellets from voles in Minnesota. Ecography 19(1):52-61 
Pedersen CT, Sylvia DM (1997) Limitations to using benomyl in evaluating mycorrhizal 
functioning. Biol Fertil Soils 25(2): 163-168 

Pillukat A (1996) Lactarius salmonicolor R. Heim 8c Leclair + Abies alba Mill. Descr Ec- 
tomyc 1:59-64 

Piola F, Rohr R, von Aderkas P (1995) Controlled mycorrhizal initiation as a means to 
improve root development in somatic embryo plantlets of hybrid larch {Larix x eu- 
rolepis). Physiol Plant 95 (4): 575-580 

Piombo G, Babre D, Fallavier P, Cazevieille P, Arvieu JC, Callot G (1996) Oxalate extrac- 
tion and determination by ionic chromatography in calcareous soils and in my- 
corrhized roots environment. Commun Soil Sci Plant Anal 27(5-8): 1663- 1667 
Power SA, Ashmore MR (1996) Nutrient relations and root mycorrhizal status of healthy 
and declining beech {Fagus sylvatica L.) in southern Britain. Water Air Soil Pollut 
86(l-4):317-333 

Prabhu V, Biolchini PF, Boyer GL (1996) Detection and identification of ferricrocin pro- 
duced by ectendomycorrhizal fungi in the genus Wilcoxina. Biometals 9(3):229-234 
Prevost A, Pargney JC (1997) Comparison of natural ectomycorrhizae between beech 
{Fagus sylvatica) and two fungi {Lactarius blennius var. viridis and Lactarius subdul- 
cis). III. Rhizomorphs. Ann Sci For (Paris) 54(1): 11 7-124 




Mycorrhizae: Ectotrophic and Ectendotrophic Mycorrhizae 



499 



Pritsch K, Munch JC, Buscot F (1997) Morphological and anatomical characterization of 
black alder Alnus glutinosa (L.) Gaertn. ectomycorrhizas. Mycorrhiza 7(4):201“216 
Raidl S, Muller WR (1996) Tomentella ferruginea + Fagus sylvatica L. Descr Ectomyc 
1:161-166 

Rambold G, Agerer R (1997) DEEMY - the concept of a characterization and determina- 
tion system for ectomycorrhizae. Mycorrhiza 7(2):113-116 
Rao CS, Sharma GD, Shukla AK (1997) Distribution of ectomycorrhizal fungi in pure 
stands of different age groups of Pinus kesiya. Can J Microbiol 43(1):85-91 
Rauscher T, Agerer R, Chevalier G (1995) Ektomykorrhizen von Tuber melanosporum, T. 

mesentericum und T. rufum an Corylus avellana. Nova Hedwigia 61:281-322 
Rauscher T, Muller WR, Agerer R, Chevalier G (1996) Tuber borchii Vitt. + Corylus avel- 
lana L. Descr Ectomyc 1:173-178 

Read DJ (1995) Plant-microbe mutualisms and community structure. In: Schulze E-D, 
Mooney HA (eds) Biodiversity and ecosystem function. Springer, Berlin Heidelberg 
New York, pp 181-209 

Reddy M, Sudhakara M, Natarajan K (1997) Coinoculation efficacy of ectomycorrhizal 
fungi on Pinus patula seedlings in a nursery. Mycorrhiza 7(3):133-138 
Regvar M, Gogala N (1996) Changes in root growth patterns of (Picea abies) spruce roots 
by inoculation with an ectomycorrhizal fungus Pisolithus tinctorius and jasmonic acid 
treatment. Trees (Berl) 10(6):410-414 

Riesen TK, Brunner I (1996) Effect of ectomycorrhizae and ammonium on ‘^^Cs and *^Sr 
uptake into Picea abies seedlings. Environ Pollut 93(l):l-8 
Rossow LJ, Bryant JP, Kielland K (1997) Effects of aboveground browsing by mammals 
on mycorrhizal infection in an early successional taiga ecosystem. Oecologia (Berl) 
110(l):94-98 

Ruess L, Dighton J (1996) Cultural studies on soil nematodes and their fungal hosts. 
Nematologia 42(3):330-346 

Salzer P, Hebe G, Reith A, Zitterell-Haid B, Stransky H, Gaschler K, Hager A (1996) Rapid 
reactions of spruce cells to elicitors released from the ectomycorrhizal fungus Hebe- 
loma crustuliniformey and inactivation of these elicitors by extracellular spruce cell 
enzymes. Planta 198(1):1 18-126 

Salzer P, Hiibner B, Sirrenberg A, Hager A (1997) Differential effect of purified spruce 
chitinases and P-l,3-glucanases on the activity of elicitors from ectomycorrhizal 
fungi. Plant Physiol 114(3):957-968 

Schaeffer C, Johann P, Nehls U, Hampp R (1996) Evidence for an up-regulation of the 
host and a down-regulation of the fungal phosphofructokinase activity in ectomy- 
corrhizas of Norway spruce and fiy agaric. New Phytol 124(4):697-702 
Schelkle M, Ursic M, Farquhar M, Peterson RL (1996) The use of laser scanning confocal 
microscopy to characterize mycorrhizas of Pinus strobus L. and to localize associated 
bacteria. Mycorrhiza 6(5):43 1-440 

Schier GA, Mcquattie CJ (1995) Effect of aluminium on the growth, anatomy, and nutri- 
ent content of ectomycorrhizal and nonmycorrhizal eastern white pine seedlings. Can 
JFor Res 25(8):1252-1262 

See LS, Alexander IJ (1996) The dynamics of ectomycorrhizal infection of Shorea lepro- 
sula seedlings in Malaysian rain forests. New Phytol 132(2):297-305 
Seegmiiller S, Schulte M, Herschbach C, Rennenberg H (1996) Interactive effects of my- 
corrhization and elevated atmospheric CO^ on sulphur nutrition of young peduncu- 
late oak (Quercus roburL.) trees. Plant Cell Environ 19(4):418-426 
Setala H, Rissanen J, Markkola AM (1997) Conditional outcomes in the relationship 
between pine and ectomycorrhizal fungi in relation to biotic and abiotic environ- 
ment. Oikos 80:112-122 




500 



Ecology and Vegetation Science 



Simard SW, Molina R, Smith JE, Perry DA, Jones MD (1997) Shared compatibility of 
ectomycorrhizae on Pseudotsuga menziesii and Betula papyrifera seedlings grown in 
mixture in soils from southern British Colombia. Can J For Res 27:331-342 
Shishido M, Petersen DJ, Massicotte HB, Chanway CP (1996) Pine and spruce seedling 
growth and mycorrhizal infection after inoculation with plant growth promoting 
Pseudomonas strains. FEMS Microbiol Ecol 21(2):109-119 
Smith SE, Read DJ (1997) Mycorrhizal symbiosis, 2"** edn. Academic Press, San Diego 
Sweeney M, Harmey MA, Mitchell DT (1996) Detection and identification of Laccaria 
species using a repeated DNA sequence from Laccaria proxima. Mycol Res 
100(12):1515-1521 

Sylvia DM, Jarstfer AG (1997) Distribution of mycorrhiza on competing pines and weeds 
in a southern pine plantation. Soil Sci Am J 61(1):139-144 
Tagu D, Martin F (1995) Expressed sequence tags of randomly selected cDNA clones 
from Eucalyptus globulus-Pisolithus tinctorius ectomycorrhiza. Mol Plant Microbe 
Interact 8(5):78 1-783 

Tagu D, Martin F (1996) Molecular analysis of cell wall proteins expressed during the 
early stage of ectomycorrhiza development. New Phytol 133(1 ):73-85 
Tagu D, Nasse B, Martin F (1996) Cloning and characterization of hydrophobins- 
encoding cDNAs from the ectomycorrhiza basidiomycete Pisolithus tinctorius. Gene 
168(l):93-97 

Taylor DL, Bruns TD (1997) Independent, specialized invasions of ectomycorrhizal mu- 
tualism by two nonphotosynthetic orchids. Proc Natl Acad Sci USA 94(9):4510-4515 
Thomson BD, Grove TS, Malajczuk N, Hardy GES (1996a) The effect of soil pH on the 
ability of ectomycorrhizal fungi to increase the growth of Eucalyptus globulus Labill. 
Plant Soil 178:209-214 

Thomson BD, Hardy GES, Malajczuk N, Grove TS (1996b) The survival and development 
of inoculant ectomycorrhizal fungi on roots of outplanted Eucalyptus globulus Labill. 
Plant Soil 178(2):247-253 

Timonen S (1995) Avoiding autofluorescence problems: time-resolved fluorescence 
microscopy with plant and fungal cells in ectomycorrhiza. Mycorrhiza 5(6):455-458 
Timonen S, Soderstrom B, Raudaskoski M (1996) Dynamics of cytoskeletal proteins in 
developing pine ectomycorrhiza. Mycorrhiza 6(5):423-429 
Timonen S, Tammi H, Sen R (1997) Characterization of the host genotype and fungal 
diversity in Scots pine ectomycorrhiza from natural humus microcosms using 
isozyme and PCR-RFLP analyses. New Phytol 135:313-323 
Trillini B, Granetti B (1995) Coumarin-like compounds in mycorrhizal infection of Quer- 
cus pubescens Willd. with Tuber magnatum Pico and T. borchii Vitt. Micol Ital 
24(2):179-184 

Turnau K, Kottke I, Dexheimer J (1996) Toxic element filtering in Rhizopogon roseo- 
lus/Pinus sylvestris mycorrhizas collected from calamine dumps. Mycol Res 100(1):16- 
22 

Turnbull MH, Goodall R, Stewart GR (1995) The impact of mycorrhizal colonization 
upon nitrogen source utilization and metabolism in seedlings of Eucalyptus grandis 
Hill, ex Maiden and Eucalyptus maculata Hook. Plant Cell Environ 18(12):1386-1394 
Ursic M, Peterson RL, Husband B (1997) Relative abundance of mycorrhizal fungi and 
frequency of root rot on Pinus strobus seedlings in a southern Ontario nursery. Can J 
For Res 27(1 ):54-62 

Varese GC, Portinaro S, Trotta A, Scannerini S, Luppi-Mosca AM, Martinotti MG (1996) 
Bacteria associated with Suillus grevillei sporocarps and ectomycorrhizae and their 
effects on in vitro growth of the mycobiont. Symbiosis 21(2):129-147 
Walker RF, Geisinger DR, Johnson DW, Ball JT (1995a) Enriched atmospheric CO^ and 
soil P effects on growth and ectomycorrhizal colonization of juvenile ponderose pine. 
For Ecol Manage 78:207-215 




Mycorrhizae: Ectotrophic and Ectendotrophic Mycorrhizae 



501 



Walker RF, Geisinger DR, Johnson DW, Ball JT (1995b) Interactive effects of atmospheric 
COj enrichment and soil N upon growth and ectomycorrhizal colonization of pon- 
derosa pine seedlings. For Sci 41(3):491-500 

Wallander H, Massicotte H, Nylund J-E (1997) Seasonal variation in protein, ergosterol 
and chitin in five morphotypes of Pinus sylvestris L. ectomycorrhizae in a mature 
Swedish forest. Soil Biol Biochem 29(l):45-53 

Wang Y, Sinclair L, Hall IR, Cole ALJ (1995) Boletus edulis sensu lato: a new record for 
New Zealand. N Z J Corp Horticult Sci 23(2):227-231 

Watling R, Taylor A, Lee Su See, Sims K, Alexander I (1995) A rainforest Pisolithus: its 
taxonomy and ecology. Nova Hedwigia 61 (3-4):4 17-429 

Weiss M, Mikoljewski S, Peipp H, Schmitt U, Schmidt J, Wray V, Strack D (1997) Tissue- 
specific and development-dependent accumulation of phenylpropanoids in larch my- 
corrhizas. Plant Physiol 114(1): 15-27 

Wiemken V, Ineichen K (1996) A method to access the below-ground part of a model 
spruce ecosystem. Funct Ecol 10(3):417-420 

Wollecke J, Munzenberger B, Hiittl RF (1997a) "Pinirhiza arachnorosea" + Pinus sylvestris 
L. Descr Ectomyc 2:37-42 

Wollecke J, Munzenberger B, Hiittl RF (1997b) "Pinirhiza luteoalba" + Pinus sylvestris L. 
Descr Ectomyc 2:55-60 

Zak B, Ho I (1994) Resistance of ectomycorrhizal fungi to rhizina root rot. Ind J Mycol 
Plant Pathol 24(3):192-195 

Zambonelli A, Penjor D, Pisi A (1995) Effects of tradimefon on Tuber borchii Vitt. and 
Hebeloma sinapizans (Paulet) Gill, infected seedlings. Micol Ital 24(3):65-73 

Zambonelli A, Tibiletti E, Pisi A (1997) Anatomical-morphological characterization of 
Tuber indicum Cooke & Massee on Pinus pinea L. and Quercus cerris L. Micol Ital 
28(l):29-36 



Edited by 
M. Runge 



Prof. Dr. Reinhard Agerer 
Section Mykologie 
Institut fiir systematische 
Botanik der Universitat Miinchen 
Menzinger Strafie 67 
D-80638 Miinchen, Germany 




Ecology and Vegetation Science 



Plant Population Ecology 

By Cornelia Lehmann, Franz Rebele, and Uwe Starfinger 



1 Introduction 

Population ecology is an ever-increasing field in plant ecology. The large 
number of papers published in the field since the last review in this se- 
ries (Starfinger and Stocklin 1996) makes it impossible to review them 
all. Our selection reflects our interest in how processes at the population 
level influence the distribution of plant populations and, consequently, 
their role in communities. Clonality, which is of important impact on the 
dynamics of many plant populations, further attracted our attention. For 
this reason, we have chosen three main subjects: (1) new insights in the 
dispersal of diaspores as essential prerequisites for the spatial and tem- 
poral organization of plant populations and community composition, 
(2) clonality and implications of clonal growth in the light of the consid- 
erable progress concerning the work on clonal plants, and (3) interac- 
tions between plants with special reference to ongoing debates on the 
importance of competitive mechanisms and positive interactions as well. 



2 Seed Dispersal 

The distribution of seed plants is initially determined by seed dispersal, 
and only later by a number of biotic and abiotic factors. General ques- 
tions relating to quantitative aspects include: How is dispersal realized? 
What distances can dispersal cover, and where are the seed deposited? 
Of central importance in recent papers on the quality of dispersal are the 
terms efficiency and effectiveness as proposed by Reid (1989). Efficiency 
is the probability that a seed is transported to a safe site and germinates, 
effectiveness is the proportion of plants in a population dispersed by a 
particular vector (but note different definitions, e.g., Schupp 1993). Be- 
cause effectiveness is difficult to assess, Bustamante and Canals (1995) 
propose a model for the indirect estimation using the efficiency of frugi- 
vores. 
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a) Wind Dispersal 

Little quantitative theory exists on wind dispersal of trees. Greene and 
Johnson (1995) developed two simple models for the relationship be- 
tween source strength (number of seeds produced per unit area), disper- 
sal distance, and deposition. They field-tested them and found them 
acceptable at the scale of about 1 km. Results indicated that rare trees in 
forest fragments are isolated rather than forming a metapopulation. 
Limited dispersal was also found as one factor that limits the spread of 
pines in a large old field (Finder et al. 1995). Secondary dispersal on 
snow can lead to larger dispersal distances; it was found to be of conse- 
quence only in species that release a high proportion of seeds (i.e, 
> 15%) in winter, e.g. Betula. Its importance is greater in small-statured 
plants (Greene and Johnson 1997). Even seed without adaptation to 
wind dispersal can be transported over considerable distances by rarely 
occurring high wind speeds. Van Dorp et al. (1996) used a wind tunnel 
experiment to predict maximum dispersal distances of 10 to 30 m for 
selected grassland species with wind speeds that occur about once a 
year. 

In samaras, seed mass is a main determinant for dispersal capacity. In 
pines, an isometric relation between seed mass and samara shape exists 
in smaller- seeded species, in large-seeded species samara length de- 
creases with seed mass. In consequence, large-seeded pines have a ten- 
dency toward animal-dispersal modes (Benkman 1995). Aerodynamic 
behavior of Acer saccharinum samaras was also influenced strongly by 
factors like mass distribution and wing shape, which varied greatly be- 
tween samaras from different parens (Sipe and Linneroth 1995). 



b) Hydrochory 

Hydrochory plays a major role in structuring riparian floras: Johansson 
et al. (1996) found a correlation between the frequency of species in river 
corridors and floating capacity of their seeds. They stress the importance 
of continuous river corridors for regional biodiversity. The temporal 
variation in water levels in floodplains has consequences for the effect of 
dispersal timing (van Splunder et al. 1995): seedlings of different Salix 
species occur in narrow belts along the river, those of the early- 
dispersing species were found at higher elevations than those of later- 
dispersing species. This was in accordance with the water level during 
the respective dissemination period. Rivers ususally transport seeds in 
one direction only. The rare case of legitimate seed dispersal by a fish 
described by Horn (1997) is an interesting example of how upstream 
movement of seeds can be maintained. 
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c) Zoochory 

Endozoochorous dispersal of fleshy fruits is often seen as a bird- or 
mammal-dispersal syndrome reflecting coevolution of plant and animal 
traits. Typically, bird-dispersed seeds are thought to be small and color- 
ful, mammal-dispersed seeds larger, dull-colored, with distinct odors. 
Several recent papers have highlighted different problems in the under- 
standing of these complex relationships. Tamboia et al. (1996) studied 
fruit characters, and fruit preference by birds and mammals in several 
Solarium species. They found that fruit character suites were not good 
predictors for preference by birds and mammals as in the general model. 
Jordano (1995) analyzed fleshy fruit characteristics of 910 angiosperm 
species and found strong phylogenetic autocorrelation for 11 of 16 fruit 
traits examined. He concludes that dispersal syndromes are not entirely 
interpretable as current adaptations to seed dispersers. Fukui (1996) 
points out the conflicts between fruits and frugivores that lie in those 
aspects where the benefits are not parallel for the plant and the disper- 
ser. Gut retention time, which is usually below 60 min and often below 
10 min, is a key issue: plants should be favored by long gut retention 
because it increases dispersal distance and reproductive success. Birds, 
however, prefer food that is processed faster, and select fruits accord- 
ingly, i.e., fruits with smaller seeds and more pulp. This again leads to 
the deposition of fecal pellets with numerous seeds with the conse- 
quence of sibling competition. More attention should be on these con- 
flicts to understand the exact role of seed dispersers in the reproductive 
success of fleshy-fruited plants. 

Efficiency of dispersal has quantitative and qualitative ascpects, in- 
cluding removal of fruits and their deposition at sites suitable for germi- 
nation and establishment. In general, a plant can enhance efficiency by 
offering large numers of fruits to generalist dispersers or by producing 
fruits to specialist dispersers which should offer better quality dispersal. 
Often disperser assemblies include both types. Larson (1996) found the 
specialist disperser of a desert mistletoe to deliver the highest-quality 
dispersal. Still, in this case the plant produced large numbers of fruit, 
which were partly eaten by generalists and not dispersed to potential 
growing sites. She interpreted this finding in the light of the very low 
recruitment rates found for the plant: attracting the specialist with a 
display of many fruits was vital for this plant and exerted a stronger se- 
lective force than the cost of producing more fruits. She calls this disper- 
sal system a compromise between the framework proposed for special- 
ists and that proposed for generalists. Germination success of seeds may 
also be enhanced by gut passage, a factor that needs to be considered in 
order to assess the efficiency of a disperser. It is studied in detail rela- 
tively rarely. Traveset and Willson (1997) have compared germination 
success of several Alaskan rainforest plants with and without passage 
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through bird and bear gut. Though gut passage enhanced germination in 
two species, it did not in others, and no differences were found between 
bear- and bird-treated seeds. These results suggest that the actual 
movement of the seeds away from the parent is more important than the 
treatment in the gut. 

A methodological problem is raised by Okamoto (1996). The ratio of 
fruit production to fruit removal, as an important index of the quantita- 
tive aspect of dispersal, is usually assessed with fruit traps placed under 
fruiting trees. These, however, capture also seeds from conspecific trees. 
Okamoto (1996) suggests an "apparent rate of escaped seed (AES)" in- 
stead of the normally calculated removal rate as an estimate of effec- 
tively escaped seed and demonstrates its use in the comparison of effi- 
ciencies in two dispersal traits: extended vs. synchronous ripening. 

Most studies of endozoochory have focused on dispersal syndromes 
concerning fleshy-fruited plants. Another plant group for which endo- 
zoochory is important are pasture species. Grazing animals induce dis- 
turbance to pastures with their dung pats, but these are important mi- 
crosites for the seeds carried in the dung. Malo and Suarez (1995) found 
that this combination of disturbance and seed dispersal results in simi- 
larity between, but variation within, pasture communities. 

Similarly, epizoochory of seeds of pasture species on grazing animals 
is of great importance in maintaining species richness. Fischer et al. 
(1996) used a "sheep dummy" and tame sheep to study retention time of 
diaspores and sheep locomotion, and found surprisingly high numbers 
of individual diaspores, and species, which could stay on the fleece for as 
long as 7 months, resulting in potential dispersal over the entire roaming 
area of the sheep. Kiviniemi (1996) tested the ability of seeds of Agri- 
monia eupatoria, Geum rivale, and Triglochin palustre to remain at- 
tached to the fur of fallow deer and cattle. She found dispersal distances 
of tens of meters to a kilometer. Both papers stress the importance of 
epizoochorous dispersal of pasture species for the maintenance of spe- 
cies richness in a fragmented landscape. A similar function can be car- 
ried out by mowing machinery. Strykstra et al. (1996) demonstrated that 
Rhinantus angustifolius, a hemiparasitic annual, was successfully estab- 
lished in plots after dispersal by mowers. 

Dispersal is a key factor in succession, and limited dispersal may in- 
fluence the speed of succession as well as the community composition. 
Tree establishment in grasslands may be severely limited. Deposition 
rates of seeds by birds and bats in an abandoned pasture in Amazonia 
were much lower than in a forest or its gaps (Nepstad et al. 1996). Under 
treelets in the pasture they were much higher. In a central European 
abandoned grassland, fleshy-fruited and wind-dispersed woody species 
were also very rare; here a multistaged dispersal by jays and mice led to 
Quercus petraea and Corylus avellana being the most abundant woody 
species (Kollmann and Schill 1996). 
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d) Seed Predation and Dispersal 

In many plant species, seed predators can damage a considerable pro- 
portion of seeds. Predation can be the main factor influencing seed pro- 
duction as in a rainforest palm studied by Cunningham (1997). As a 
consequence, seed predators may have a strong impact on the demogra- 
phy of the plants whose seed they consume (Hulme 1997). Where 
predators consume seeds of different species selectively, they can even 
influence community composition. Evidence for this was found in an 
early successional North American forest (Meiners and Stiles 1997) as 
well as in a Mediterranean scrubland (Hulme 1997). Consequently, se- 
lection may favor traits that help avoid or reduce seed predation. This 
can relate to seed color where the predator finds seeds visually. Nystrand 
and Grandstrom (1997) found the variation in seed color of Firms sylves- 
tris consequential for predator escape: ground-feeding finches found 
more pale than dark seeds on burned ground and more dark seeds on 
mineral soil. They conclude that with visually searching predators, a 
single cryptic seed color will be selected for where a plant regenerates on 
uniform-colored substrates. Another route to seed predator avoidance 
may be the timing of flowering and seed release. Actaea spicata has a 
bimodal flowering phenology, with early flowers sufferig seed loss to a 
moth predator but not later flowers, suggesting a predator avoidance 
hypothesis of flowering asynchrony (Eriksson 1995). Myrmechory is 
often a complex of seed predation and dispersal. Several studies favor 
the predator avoidance hypothesis of ant dispersal, e.g., Ruhren and 
Dudash (1996) focusing on a North American forest lily, or Espadaler 
and Gomez (1996, 1997) on a Mediterranean spurge. 



3 Clonality and Implications of Clonal Growth 

In the plant kingdom, clonality is a significant phenomenon which has 
attracted a lot of research work. Recently, new insight has been devel- 
oped about its ecological implications. A clone is defined as the sum of 
genetically identical individuals. As it represents all the tissue originat- 
ing from a single zygote, it is also called the genet. In plants, clones may 
be produced in two ways: by agamospermy, which is asexual seed pro- 
duction without meiosis and the fusion of gametes, and by clonal 
growth, which is the vegetative reproduction of new genetically identical 
units, the ramets. Both modes of clonal propagation implicate some pe- 
culiarities for the spatial distribution of genetic variation in populations. 
In the case of clonal growth, an individual genet occupies space and in- 
creaseses in size, producing more or less aggregated patches. Generally, 
distribution of ramets belonging to a unique genet is restricted to a sin- 
gle population with the exception of occasional transport of clonal frag- 
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ments over long distances and the ramets of floating aquatic clones, 
which can be found in several populations. In the case of agamospermy, 
populations are mosaics comprising groups of genetically distinct indi- 
viduals. As agamospermous seeds can be dispersed deliberately over 
large geographical distances, individuals belonging to an agamosper- 
mous clone are not restricted to a single population. 



a) Sexual vs. Asexual Reproduction 

Recently, it has become a consensus that clonal plant populations are 
usually genetically variable, more or less similar to nonclonal perennials, 
although monoclonal populations do occur (Eriksson 1997). Almost all 
clonal plants also reproduce sexually, at least in some populations 
(McLellan et al. 1997). Agamospermous species occasionally reproduce 
sexually. For example, sexual diploid and apomictic triploid plants of 
Taraxacum section ruderalia are less genetically isolated than has previ- 
ously been supposed. Menken et al. (1995) found evidence for a high 
level of gene flow between the diploid and triploid components of a 
population, e.g., due to facultative apomixis. 

In plants mulitplying by both sexual reproduction and clonal growth, 
there is a notion of a tradeoff between seed production and clonal 
propagation (Eriksson 1997). Schmid et al. (1995) demonstrated a size 
threshold for sexual reproduction in two clonal perennials, but no size 
dependency for clonal growth (rhizome formation). The absence of a 
clear size threshold for clonal growth emphasizes the similarity between 
clonal growth (vegetative reproduction) by rhizomes and growth of 
other vegetative parts, as opposed to sexual reproductive allocation. 
Young seed-derived plants did not allocate resources to propagation. 
This was interpreted as a bet-hedging strategy using resources as insur- 
ance against hazards such as herbivory. According to this hypothesis, a 
clone shifts away from the conservative bet-hedging strategy towards 
more reproduction and clonal growth as it spreads. 



b) Clonal Diversity 

Molecular markers can be used to measure genetic variation and further 
allow the identification and determination of the spatial arrangements of 
ramets belonging to a genet. McLellan et al. (1997) distinguish two 
measures of molecular variation: genotypic variation (= number and 
frequency of individual genets) and genetic variation (number and fre- 
quency of alleles, expected heterozygosity), and point out that calcula- 
tions of genetic variation in clonal plants should be carried out at the 
genet level, i.e., each identified genotype should be represented only 




508 



Ecology and Vegetation Science 



once in the data set. They review the peculiarities of applying the meth- 
ods of population genetics on clonal plant populations. 

Recently, several studies used molecular markers like enzyme elec- 
trophoresis (Cronberg 1995; Cole and Voskuil 1996, Hossaert-McKey et 
al. 1996; Jonsson et al. 1996; Lehmann 1997), RAPD-PCR (Fernando and 
Cass 1996; Schaal and Leverich 1996; Steinger et al. 1996) as well as DNA 
fingerprinting (Piquot et al. 1996) to obtain information about the spa- 
tial distribution of genets. 

In some species, electrophoretic studies are restricted by their limited 
variability and DNA-based methods may be more useful. For example, 
protein electrophoresis failed to detect any difference in banding pattern 
in populations of the colonizing clonal aquatic species Butomus umbell- 
latusy but with help of RAPD, three genets out of 150 ramets from two 
populations could be distinguished (Fernando and Cass 1996). Piquot et 
al. (1996) revealed genotypic diversity in ten populations of Sparganium 
erectum by allozymes and oligonucleotide DNA fingerprinting. The 
number of distinct genotypes detected with DNA probes was nearly 
twice the number of multilocus isozyme genotypes. However, despite 
showing less variability, allozymes provided a fairly reliable estimation 
of the clonal diversity occurring within and among populations. 

Cole and Voskuil (1996) studied Lemna minor (duckweed) a floating, 
aquatic plant whose vegetative reproduction allows it to colonize fresh- 
water habitats rapidly around the world. They report a low number of 
genotypes in a population and a high degree of differentiation at al- 
lozyme loci between populations. They found a low level of gene flow 
and apparent low frequency of sexual reproduction that has produced 
substantial levels of genetic divergence among populations, despite an 
absence of morphological differentiation. 

In Calamagrostis epigejosy clonal diversity varied with respect to 
heavy metal pollution of the habitats. On unpolluted habitats, five and 
ten clones, respectively, were distinguished on areas of 100 m^ each. On 
the other hand, high levels of clonal diversity were determined on two 
polluted sites; 59 clones were found on an abandoned sewage farm and 
92 clones near a copper smelter (Lehmann 1997). 

Patterns of genetic microdifferentiation within a natural population 
of Lathyrus sylvestris indicate that genetic differentiation in time was 
much less marked than differentiation in space (Hossaert-McKey et al. 
1996). 

Schaal and Leverich (1996) identified individual genotypes of the 
prairie plant Asclepias meadii and determined the location and number 
of ramets for each genotype within a population. Further, they studied 
the effects of two different management regimes on genotypic composi- 
tion. Mown populations were composed of a few (usually less than 
seven), but quite large, genotypes. On the other hand, populations man- 
aged by burning had many (< 30) small genotypes. These different 
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population structures were due to differences in mode of reproduction. 
As mowing occurred usually before seed set, these populations could not 
reproduce sexually, while the timetable of the burning regime did not 
curtail sexual reproduction. 



c) Long-Term Dynamics of Clonal Growth 

Long-term studies of clones revealed phases of growth and senescence. 
Falinska (1995) described the patterns of growth and senescence of in- 
dividual genets of Filipendula ulmaria in a long-term field study of 17 
years. She distinguished five phases in the life history of F. ulmaria. Af- 
ter genet establishment, growth and integration of the genet leads to 
exclusive occupation of its area. In the absence of competition by other 
species, genets can attain 0.5-2 m^ which is a critical size for disintegra- 
tion. These phases are followed by weakening genet integrity, senes- 
cence, and disintegration of the genets. Subsequently, free space within 
genet area is colonized by other species. 

Brodie et al. (1995) recorded the spatial dispersion patterns of a 
northern clone of Populus balsamifera and reconstructed the clonal de- 
velopment. Their data suggest three phases of clone development each 
of about 15-20 years: a first phase of postfire colonization, a second of 
consolidation, and a more recent one of directional expansion. 

Petersen and Squires (1995) examined the change in spatial pattern 
due to mortality over a period of 10 years in mature Populus tremuloides 
clones. In contrast to theoretical predictions, the distribution of Populus 
living in 1989 tended toward greater clumping than that expected from 
random mortality of Populus living in 1979. The pattern was interpreted 
to be evidence of senescence of the Populus clones, with mortality oc- 
curring in smaller trees after they were no longer connected to the re- 
mainder of the clone. 

Clonal plants may regulate their ramet production in relation to stand 
density and avoid shoot self-thinning. The possible mechanism for this 
intraclonal growth regulation are reviewed by Suzuki and Hutchings 
(1997). However, in some clonal species genet mortality due to self- 
thinning has been reported, for example in Sasa kurilensis (Makita 
1996). 

Long-term dynamics of clonal growth may include the production of 
a ramet bank in clonal trees. In Ailanthus altissima, a light-demanding 
species, "clonal oskars” persist many years in the shade awaiting an 
opening in the tree layer (Kowarik 1995). 
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d) Implications of Clonal Growth 

Individual ramets of a given clone may be located in microhabitats of 
differing quality and thus perceive environmental heterogeneity on the 
whole clone level. Stuefer (1996) drew attention to the fact that hetero- 
geneity may refer to a number of fundamentally different aspects of en- 
vironmental variability (e.g., scale, contrast, predictability, temporal vs. 
spatial heterogeneity), and that each of these aspects may severely con- 
strain the viability of potentially adaptive traits. Clonal growth may 
serve as a means for buffering environmental heterogeneity and local 
stress in various ways: by physiological integration, semiautonomous 
clonal fragments, foraging, and division of labor. 



a) Physiological Integration Within Clones 

In many clonal species, ramets may stay connected by stolons or rhi- 
zomes, which may be physiologically integrated. The scale of such inte- 
gration determines whether the ramets respond to the environment as 
independent individuals or as functionally integrated parts of a clone. 
Physiological integration offers advantages like extended support of new 
ramets, recycling and sharing of resources, and regulation of intraclonal 
competition among ramets through developmental control. Jonsdottir 
and Watson (1997) evaluated the ecological and evolutionary signifi- 
cance of physiological integration of clonal plants and conclude from 
available data a relationship between average environmental resource 
availability and environmental stability and the extent of integration. 
Plants with small clonal fragments (group of physically interconnected 
ramets of a clone) and restrictive integration seem to be more common 
in relatively productive environments of high to intermediate distur- 
bance. In contrast, full integration in large clonal fragments is of great 
significance in more stable and resource-poor environments. 

Several studies provided experimental evidence how physiological 
integration facilitates resource sharing. labeling of photoassimilate 
revealed patterns of resource distribution within clones of Glechoma 
hederacea (Price et al. 1996). Alpert (1996) examined nutrient sharing in 
natural clonal fragments of Fragaria chilonensis by tracing the move- 
ment of Within fragments, nitrogen was shared between all ramets 
along a stolon, but large net transfer took place only from older to 
younger ramets. A significant increase in the total biomass of younger 
ramets was the result, a possible decrease in the biomass of some older 
ramets, and an increase in allocation to new stolons in ramets that im- 
ported nutrients. 

De Kroon et al. (1996) studied water translocations between intercon- 
nected mother and daughter ramets in two Carex species using a newly 
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developed quantitative method based on deuterium tracing. When a 
ramet pair was exposed to a heterogenous water supply, water translo- 
cation became unidirectional and strongly increased to a level at which 
30-60% of the water acquired by the wet ramet was exported towards the 
dry ramet. The wet ramet increased water uptake in response to the dry 
conditions experienced by the entire interconnected ramet. 



p) Sectoriality 

Physiological integration is not necessarily a function on the whole clone 
level. Despite persistent physical connections between ramets, physio- 
logical integration may break down at various structural levels. For ex- 
ample, clones may become assemblages of semiautonomous integrated 
physiological units (IPU), where the IPU has been defined as that level of 
morphological organization within which the assimilation, distribution, 
and utilization of carbon is regulated. IPUs physiologically subdivide 
physical coherent plant structures resulting in sectoriality, which may 
restrict the influence of lethal, localized environmental factors, within 
the affected IPU, as could be shown for zinc transport in Glechoma 
hederacea (Price et al. 1996). 

An experiment in which competition was either present or absent 
throughout the space occupied by the clone or in patchy distribution 
showed that Glechoma hederacea did not respond at the whole clone 
level. Instead, connected stolons (IPUs) responded independently to 
local competition (Price and Hutchings 1996). Clover clones responded 
to neighboring clones in increasing the likelihood of growing away from 
competitors. The changes provoked by conspecific neighbors were lo- 
cated within the parts of the clones encountering the neighbors, rather 
than spread throughout the whole clone (Hutchings et al. 1996). 



y) Foraging in Clonal Plants 

The ability of a clone to exploit favorable patches or avoid unfavorable 
patches via selective (i.e., nonrandom) placement of ramets has been 
interpreted as "foraging" behavior in plants analogous to patch sampling 
by a foraging animal. De Kroon and Hutchings (1995) reconsidered the 
foraging concept and proposed a widening to a more general framework 
into which processes of resource acquisition in clonal and nonclonal 
plants can be placed with equal validity. They consider two reasons to 
reformulate the foraging concept. 

First, foraging is not only achieved by selective habitat choice via 
morphological plasticity of spacers (stolons and rhizome internodes). 
Localized morphological responses of roots and shoots are also impor- 
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tant expressions of foraging. Consequently, in a new concept developed 
for all plants, leaves and root tips as well as ramets in clonal plants 
would be regarded as resource-acquiring structures that are projected 
into a heterogenous habitat by spacers such as orthotropic stems and 
root branches, and plagiotropic stolons and rhizomes in clonal plants. 

Second, in response to different environmental conditions, morpho- 
logical plasticity can generate different patterns of placement of re- 
source-acquiring structures in some species, while other species may be 
relatively unresponsive, analogous to a variety of animal behaviors from 
continuous movement around the habitat in search of food to more 
passive "sit-and-wait" foraging. Each of these behaviors may be adaptive 
in terms of resource acquisiton in the habitats in which they have 
evolved. The whole range of possible behaviors, from highly plastic to 
hardly plastic, must therefore be regarded as expression of foraging. 
Accordingly, de Kroon and Hutchings (1995) define foraging as "the 
process whereby an organism searches or ramifies within its habitat, 
which enhances its acquisition of essential resources" (p. 150). 

In the view of Oborny and Cain (1977) such a broad definition runs 
the risk of interpreting whatever a plant does as foraging and does not 
help to clarify which plants really are "foragers". Consequently, they 
propose a more specific definition: "Plant foraging occurs when a plant 
exhibits any morphological plasticity that is selectively advantageous for 
resource acquisition at a particular spatio-temporal distribution in the 
resource" (p. 165). These authors review models of spatial spread and 
foraging in clonal plant species and compare theoretical predictions with 
empirical data. 

Hutchings et al. (1996) studied the responses of different genotypes of 
Trifolium repens at two soil-nutrient levels. Their results were consistent 
with the hypothesis that clones consolidate occupation at favorable 
habitat patches and increase their probability of escape from unfavor- 
able conditions. Evans and Cain (1995) tested explicitly the foraging 
behavior of the clonal plant Hydrocotyle bonariensis and obtained direct 
evidence of an effective foraging response. They tested directly whether 
plants can preferentially locate "good" patches or avoid "bad" patches 
when grown in a heterogeneous environment. In the heterogeneous 
treatment, Hydrocotyle rhizomes exhibited a previously undocumented 
behavior: they appeared to veer away from "bad" patches. 

Foraging behavior of plants is achieved by morphological plasticity in 
spacer length and branching intensity. Clonal grasses produce two types 
of spacers: stolons and rhizomes, each serving unique functional roles. 
Comparing three clonal grasses, Agrostis stolonifera (a stoloniferous 
grass), Holcus mollis (a rhizomatous grass), and Cynodon dactylon (a 
grass forming both stolons and rhizomes), Dong and Pierdominici 
(1995) found that stolons serve primarily as foraging organs for light, 
whereas the main function of rhizomes is storage of meristem carbohy- 
drates. 
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The efficiency with which plants can forage, and therefore the growth 
they can achieve, depends on the type of heterogeneity encountered and 
on species-specific properties. The capacity to forage for nutrients in 
Glechoma hederacea was clearly dependent on the spatial scale of het- 
erogeneity. When patches were larger and spatial predictability higher, 
plants could select better- quality sites for root growth, accumulating in 
greater clone biomass. If the patches were small in comparison with the 
distance between ramets G. hederacea could not adjust its morphology 
rapidly enough to respond to less predictable environments where 
changes in patch quality were more frequent. Thus, G. hederacea re- 
sponded to environments with small-scale patchiness as if they were 
homogeneously poor (Wijeshinge and Hutchings 1997). 

Species from contrasting habitats show different foraging behavior 
for light. Hydrocotyle vulgaris from open fernlands seems to be able to 
forage for light by plasticity in petiole length, whereas in Lamiastrum 
galeobdolon from forest understory, physiological integration evened 
out local responses of ramets (Dong 1995). 



5) Division of Labor in Clonal Plants 

If the patterns of abundance of different resources do not coincide, parts 
of clones located in patches of different quality should specialize to pref- 
erentially acquire the most abundant resource in the patch and transport 
it to parts of the plants sited where this resource is scarce. In parallel to 
the economic concept of division of labor, with the two essential ele- 
ments specialization and cooperation, Alpert and Stuefer (1997) define 
division of labor in clonal plants as the coordinated specialization of 
individual ramets for the acquisition of different resources, combined 
with the reciprocal exchange of these resources between ramets. The 
authors distinguish two types of divsion of labor. The first type is the 
programmed specialization, coupled with cooperation, among con- 
nected ramets in rhizomatous sedges and grasses from arctic and alpine 
tundra. The second type of division of labor is specialization induced by 
environmental heterogeneity, which has been observed in at least eight 
clonal plant species. 

To explicitly test the hypothesis that division of labor between ramets 
can enhance clone growth under heterogeneous conditions, Stuefer et al. 
(1994, 1996) conducted experiments on Potentilla anserinay P. reptans, 
and Trifolium repensy placing clonal fragments in an artificial environ- 
ment in which the availabilities of two resources (light and water) were 
patchy and negatively correlated. Thus, the sites of abundance of one 
resource were always correlated with shortage of the other resource. 
Ramets of clones perceiving such "complementary resource patchiness" 
achieved higher yields than in treatments providing all ramets of a clone 
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with high levels of one resource and low levels of the other. The en- 
hanced yield appeared to result from within-clone variation in 
rootrshoot ratio. Shaded ramets had high rootrshoot ratios, and un- 
shaded had low ratios. The authors inferred that the high light level had 
increased evapotranspiration and decreased water availability, that the 
resulting complementary patchiness of light and water had induced 
"specialization for abundance" in between ramets, i.e., shaded ramets 
allocated more ramet biomass to roots where water was abundant and lit 
ramets allocated more ramet biomass to shoots where light was abun- 
dant. Reciprocal resource transport combined with increased overall 
efficiency of resource uptake enabled clones to grow best in the patchy 
habitat. On the other hand, the uniform rootrshoot ratio of clones in 
homogeneous habitats failed to optimize the acquisition of any essential 
resource. Specialization for abundance is a property based on clonal 
integration. When ramets are severed from one another, each specializes 
to acquire scarce resources, just like a nonclonal plant. 



4 Interactions Between Plants 

a) Positive Interactions Among Plants (Facilitation) 

Whereas the role of competitive mechanisms in plant interactions may 
have been overemphasized in the past, positive interactions have been 
largely overlooked as important factors in community structure. Recent 
research reveals that facilitation and competition may operate simulta- 
neously and that the overall effects of one species on another may vary 
among different habitats as mechanisms shift in relative importance 
(Bertness and Callaway 1994; Greenlee and Callaway 1996; Rebele 1996; 
Callaway and Walker 1997; for review see Callaway 1995). 

Bertness and Callaway (1994) hypothesized that the importance of 
facilitation in plant communities increases, whereas the importance of 
competition decreases along a gradient of increasing abiotic stress. 
Greenlee and Callaway (1996) conducted field experiments on xeric, 
rocky slopes of the Garnet Range in western Montana to test this hy- 
pothesis. Spatial pattern analysis of the short-lived rosette- and taproot- 
forming endemic perennial herb Lesquerella carinata var. languida and 
associated bunchgrass species {Pseudoregneria spicata, Koeleria cristata, 
Festuca idahoensis), bitterbrush {Purshia tridentata)y and Pinus ponder- 
osa showed a positive spatial association of Lesquerella with bunch- 
grasses. Extreme climatological differences between 2 years of investiga- 
tion corresponded with a shift in relative importance of facilitation and 
competition. In the wet, cool year 1993 (low drought stress), bunch- 
grasses competed with LesquerellUy in the dry, hot year 1994 (high 
drought stress), bunchgrasses facilitated Lesquerella. 
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Other recent studies which showed cooccurrence of competitive and 
facilitative effects investigated interactions of Artemisia tridentata and 
montane pines (Pinus ponderosa and P. monophylla) in western Nevada 
(Callaway et al. 1996) and interactions of wetland plants (Typha latifolia, 
Salix exiguuy and Myosotis laxa) in western Montana (Callaway and King 
1996). 

Callaway and Walker (1997) give a synthesis of species interactions 
involving a complex balance of competition and facilitation. They dis- 
cuss the role of these two processes on the background of gradients of 
abiotic stress and consumer pressure with respect to different life stages, 
sizes, and densities of the interacting species. In 1997 a Special Feature 
was published by Ecology reexamining the role of positive interactions in 
communities, where Kareiva and Bertness in their editorial note point 
out that positive interactions are pervasive forces in communities and 
that incorporating them into our understanding of natural systems may 
resolve many long-standing conceptual problems in ecology. 



b) The Relative Importance of Root and Shoot Competition 
Along Productivity Gradients 

An ongoing debate in population and community ecology is whether 
competition is important in unproductive environments or more or less 
restricted to productive habitats. This question is closely related to the 
relationship of shoot competition for light in productive and root com- 
petition for nutrients in unproductive habitats, and is also related to the 
question whether there are inherent traits in determining competitive 
ability. 

Grime (1973a, 1979) and Keddy (1989) have suggested that the in- 
tensity of interspecific competition increases along productivity gradi- 
ents. Competition may be most intense in productive habitats because 
such habitats support high growth rates and large amounts of biomass 
that result in preemption of space and light. Unproductive habitats sup- 
port lower growth rates and less above-ground biomass, have less shad- 
ing, and may have lower intensities of competition. Species with high 
competitive ability might dominate productive habitats, while species 
with low competitive ability may be displaced to less productive habitats 
where competition is less intense. This perspective suggests a quantita- 
tive change in the intensity of competition along productivity gradients. 

In contrast, Newman (1973, 1983) and Tilman (1988) suggest that un- 
productive habitats should be characterized by intense competition for 
soil resources. Tilman's theory of resource competition predicts that 
there may be no quantitative change in the intensity of competition 
along a productivity gradient, but that there may be an important 
qualitative change, with plants mainly competing for soil resources in 
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unproductive habitats and mainly competing for light in more produc- 
tive areas. This theory suggests that each species is specialized for a par- 
ticular ratio of soil resources and light and, consequently, the species 
that characterize a particular habitat are also the superior competitors 
for the particular resource ratio of that habitat. Therefore, competition 
may be important at all points along a productivity gradient, but its 
quality may vary. 

In the past years, several investigations were carried out to test the 
relationship of above- and below-ground competition along productivity 
(and disturbance) gradients. In most cases, competitive response was 
measured with individual target plants, where transplants are grown 
with no neighbors present, with shoots of neighbors present, with roots 
of neighbors present, or with both shoots and roots of neighbors present. 

Wilson and Tilman (1995) studied competitive responses of eight old- 
field plant species in four environments where fertility and disturbance 
were varied. The competitive effect of neighboring vegetation shifted 
from roots to shoots as nitrogen increased, but decreased in disturbed 
plots. Gerry and Wilson (1995) tested the influence of initial size on the 
competitive responses of six plant species. They found no evidence that 
initially smaller plants were weaker competitors than larger plants under 
conditions where competition was primarily belowground. 

Grubb et al. (1997) examined the question whether root or shoot 
competition is more important for perennial plants in chalk grassland. 
They concluded that root competition is more important than shoot 
competition in enabling some species to be regularly more abundant 
than others in turf 5-10 cm tall, but that shoot competition is more im- 
portant in turf ca. 20 cm tall, and paradoxically also more important 
locally in very short turf where wide-leaved species form flat rosettes 
very close to the ground. 

Belcher et al. (1995) investigated root and shoot competition along a 
soil-depth gradient in an alvar vegetation system, where plants are 
growing in thin soil over limestone rock. Above-ground biomass was 
strongly correlated to soil depth, indicating that soil resources increased 
and light decreased along the gradient. Analysis based on measures of 
competition intensity (for discussion of competition intensity measures 
see also Grace 1995) using the annual Trichostema brachiatum as a 
phytometer species suggests that competition in this system was pri- 
marily below ground, but competition intensity did not vary signifi- 
cantly along the soil-depth gradient. According to these and other field 
studies, the authors suggest a graphical model which hypothesized 
changes in the intensity of mutualism/facilitation and competition along 
a gradient of decreasing stress. Mutualism and facilitation occur in low 
biomass sites, competition occurs in higher biomass sites. The model 
further suggests that a study along a short gradient within a site of mod- 
est productivity would detect major changes in the relative importance 
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of root and shoot competition. In contrast, a study along a (longer) 
natural gradient would find the intensity of root and shoot competition 
positively correlated, as both would go from being negligible to being 
important. Thus depending upon scale, one could either emphasize 
changes in resource ratios, or increase in competition intensity above 
and below ground. 

Goldberg and Novoplansky (1997) reviewed studies on the relative 
importance of competition in unproductive environments, coming to 
the conclusion that empirical results bearing on this question are quite 
variable and that a consistent answer has not yet emerged. They propose 
a new general hypothesis that includes the contradictory predictions as 
special cases which relate to different types of resource dynamics and 
different types of interactions between the growth and survival compo- 
nents of fitness. They call this the two-phase resource dynamics hy- 
pothesis of plant interactions along productivity gradients based on the 
assumption that soil resources are usually supplied in pulses rather than 
continuously. When soil resource supply is temporally variable, individ- 
ual plants will experience two distinct phases of resource availability: 
pulse periods when resources are high and most growth and resource 
accumulation occurs, and interpulse periods when resources are too low 
for most plants to take up and most mortality due to resource deficits 
takes place. According to the two-phase resource dynamics hypothesis 
they postulate Grime's hypothesis that competition is unimportant at 
low productivity will hold when soil resource availability between pulses 
in unproductive environments is controlled by abiotic factors and when 
survival during interpulse intervals is independent of or even negatively 
correlated with growth during pulse periods. In contrast, Newman's and 
Tilman's hypothesis that competition is equally important along pro- 
ductivity gradients should apply when either of these conditions is not 
true. Goldberg and Novoplansky predict that the conditions for Grime's 
hypothesis to apply are more likely for productivity gradients driven by 
water than by mineral nutrients and when response to competition is 
measured for community structure or individual survival rather than for 
individual growth. 

In their two-phase resource dynamics hypothesis Goldberg and No- 
voplansky do not relate to the facilitation-competition debate men- 
tioned above, where a shift in relative importance of competition and 
facilitation was noticed in unproductive habitats. 



c) Competitive Exclusion and Coexistence 

Observations from natural gradients of plant productivity, eutrophica- 
tion of aquatic and terrestrial ecosystems, as well as fertilization experi- 
ments, mostly reveal decreasing diversity of plant communities with 
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increasing productivity (for references see Huston 1994). The mecha- 
nism generally presumed to cause this decrease in diversity is an in- 
creased intensity of competition at higher levels of productivity. Since 
Grime (1973b, 1979) and Al-Mufti et al. (1977) pointed out that species 
diversity of herbaceous vegetation in Britain shows a "humped" pattern 
with increasing total above-ground productivity this unimodal produc- 
tivity-diversity relationship has been accepted as a general dogma by 
many ecologists (Real 1995). Unimodal "hump-shaped" curves have 
been attributed to increased competitive exclusion as the result of de- 
creased heterogeneity in limiting resources at high productivities, espe- 
cially when light supply at the soil surface decreases. 

Abrams (1995) questions the validity of the overall pattern of this 
productivity-biodiversity relationship and gives other possible explana- 
tions for reduced diversity at high productivity that are unrelated to 
competition and competitive exclusion. He also suggests that even when 
light supply decreases at nutrient-rich highly productive habitats, spe- 
cies diversity can still increase monotonically with productivity. 

In his conclusions, Abrams demands additional theory to determine 
how productivity affects competitive exclusion under the full range of 
possible mechanisms for coexistence, more attention to definitions of 
productivity and issues of scale when gathering data, and observations 
that will provide data on the various non-competition-based explana- 
tions for diversity gradients. 

Whereas Abrams’ hypothesis that coexistence and thus high diversity 
are even possible in highly productive environments is provocative and 
demands further validation, e.g., for other vegetation types in different 
climatic zones, it is broadly accepted that species coexist in less produc- 
tive habitats like calcareous or serpentine grassland despite competition. 
Temporal and spatial heterogeneity and variation in species’ competitive 
abilities among microsites is supposed to be an important mechanism of 
species coexistence (see Reynolds et al. 1997 for serpentine and Gigon 
and Leutert 1996 for calcareous grassland). 

Long-term experimental field studies using the substitutive replace- 
ment design (de Wit 1960) showed that species of tall herbaceous com- 
munities can coexist for several years with a reversal in dominance of 
the species pairs investigated. Rebele (1996) tested the relative competi- 
tive abilities of the clonal perennials Tanacetum vulgare, Solidago ca- 
nadensisy and Calamagrostis epigejos along a nutrient gradient for a pe- 
riod of 5 years. The experiment confirmed that there is no innate quality 
of competitive power as a property of species. Competitive abilities de- 
pend on site factors (nutrient regimes, climatic fluctuations) and on the 
particular species to compete against. During the 5-year period, there 
was only one case of competitive exclusion: C. epigejos excluded S. ca- 
nadensis on the most fertile substrate in the fifth growing season. In 
most cases, the species coexisted with positive effects on biomass and 
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nutrient levels even upon the inferior competitor. Each of the three spe- 
cies was able to dominate in at least one combination of substrate type 
and mixture. 

Mai et al. (1997) conducted a 4-year field replacement experiment 
with Lythrum salicaria and Typha angustifolia having four initial densi- 
ties and four relative proportions of each species. The overall rate of 
ramet production differed significantly, between density treatments and 
between years. They found evidence for significant intraspecific com- 
petition in both species and for interspecific competition as well. Overall 
ramet production in Thypha was greater in the 1st year, but from the 
2nd year onward the situation reversed and Lythrum became dominant 
until the 4th year. 



d) Symmetric and Asymmetric Competition 

The term asymmetric competition has different meanings in the ecologi- 
cal literature. Keddy and Shipley (1989) and Shipley and Keddy (1994) 
defined asymmetric competition phenomenologically and independ- 
ently of the hypothesized mechanics. The ways of competitive interac- 
tions between species are classified as symmetric when both species ex- 
perience either more or less intense interspecific than intraspecific in- 
teractions. Asymmetric competition occurs when the dominant species 
experiences less intense interspecific than intraspecific interactions, 
while the subordinate species experiences more intense interspecific 
than intraspecific interactions. This concept of asymmetric competition 
is part of the theory of competitive hierarchies and transitive networks 
(Shipley and Keddy 1994) in plant communities. The asymmetric type of 
two-species interaction permits the competitive exclusion of the subor- 
dinate species. This type is necessary but not sufficient for the existence 
of multispecies hierarchies of competitive ability in which all but the 
competitive dominant can be competitively excluded, and therefore 
precludes the possibility of a stable multispecies equilibrium (Shipley 
and Keddy 1994). In an additive competition pot experiment, Keddy et 
al. (1997) found that interspecific competitive asymmetry increases with 
soil productivity. 

Harper (1977) and Weiner (1990) use the term asymmetric competi- 
tion in a quite different sense. Symmetric and asymmetric competition is 
related to the different ways in which competing plants gain resources. 
Plants may acquire resources in proportion to biomass, or larger plants 
may capture more resources per unit biomass, because they have the 
ability to preempt resources from smaller neighbors. The first of this 
type is called symmetric or two-sided competition, the second is called 
asymmetric or one-sided competition (Schwinning and Fox 1995). Com- 
petition for soil resources is thought to be symmetric, whereas competi- 
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tion for light is often asymmetric (Wilson 1988; Weiner 1990). Conolly 
and Wayne (1996) proposed an "index of interspecific competitive 
asymmetry" to quantify the magnitude of asymmetric competition for 
interactions between members of different species. 

Weiner et al. (19979 studied below-ground competition between in- 
dividuals of Kochia scoparia of different size in pot experiments with 
dividers above ground. There was no evidence that larger individuals 
had a disproportionate effect on smaller individuals. The effect of a 
small neighbor on the growth rate of a plant was similar for large and 
small plants, as was the effect of a large neighbor. Thus, initial size dif- 
ferences were not exacerbated by (symmetric) competition. 

Schwinning and Fox (1995) developed a new neighborhood model, 
which reflects seedling size effect with respect to the type of competitive 
symmetry. The model was implemented in a population growth model 
for two species, one at low density (the invader), and one at high density 
(the resident). In this model, the species differ only in their seedling 
biomass distributions. Under these conditions, they found that asym- 
metric competition always favors invasion by the species with larger 
average seedling size, but impairs invasion by other species. Based on 
this invasibility criterion, they concluded that asymmetric competition 
always favors competitive exclusion in their model. However, by modify- 
ing some of the model assumptions, they suggest scenarios in which 
asymmetric competition may promote coexistence. 

In a field experiment with Pennisetum americanurriy competition for 
light was symmetric at low density but asymmetric at high density 
(Schwinning 1996). However, size variation at low density decreased 
during growth, because small plants had greater relative growth rates 
than larger plants. Size variations stayed constant at high density, since 
plants of all sizes had equal average relative growth rates. Based on these 
results and a general discussion, Schwinning proposed that the type of 
resource limitation does not determine the mode of competition. Com- 
petition for light can be symmetric, and foraging for heterogeneously 
distributed soil resources can produce asymmetric competition below 
ground. Furthermore, the mode of competition alone does not deter- 
mine size structure dynamics. Size-dependence of resource conversion 
efficiency and allocation can modify the effects of resource uptake on 
growth. 

In recent ecological literature on competition, the term asymmetry 
has been used in a further context. Many plants and animals have mor- 
phological structures that are bilaterally symmetrical. Deviations from 
bilateral symmetry may represent developmental perturbations. Ran- 
dom deviations from symmetry, known as fluctuating asymmetry, are 
used to detect such perturbations and monitor ecological stresses within 
and between populations (Rettig et al. 1997). In a field experiment with 
an even-aged poplar {Populus euamericana cv. Eugenei) clone Rettig et 
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al. studied intraspecific (intraclonal) and interspecific competition 
(against "weeds") of that clone. They found that increases in intra- and 
interspecific competition (increasing density treatments) increased 
fluctuating asymmetry in the leaves of the poplar ramets. 



e) Effects of Herbivory on Competition 

Herbivores can affect competitive interactions in a specific way. Similar 
to the debate on the importance of competition along a productivity 
gradient, the role of herbivory effecting competition intensity is under 
contest. It is presumed that the importance of competition declines with 
increasing levels of frequencies of disturbance such as those caused by 
herbivores. Another theory, however, has presumed that while distur- 
bance may alter the outcome of competition, the importance of compe- 
tition will be unchanged. Some authors have suggested that applying 
such generalizations about disturbances to grazing may be oversimplis- 
tic (for reference see Taylor et al. 1997). 

Taylor et al. studied the effects of herbivory (primarily by nutria, 
Myocastor coypus) on neighbor interactions between three dominant 
grasses (Panicum virgatum, Spartina patens and S. alterniflora). The 
grasses studied are dominant species in the fresh, oligohaline, and 
mesohaline marshes, respectively. Additive mixtures and monocultures 
of transplants were used in conjunction with exclosure fences to deter- 
mine the impact of herbivory on neighbor interactions in the different 
marsh types. Herbivory had a strong effect on all three species and was 
important in all three marshes. In the absence of herbivores, the impact 
of neighbors was significant for two of the species (Panicum virgatum 
and Spartina patens) and varied considerably between environments, 
with competition intensifying for Panicum virgatum and decreasing for 
Spartina patens with increasing salinity. Indications of positive neighbor 
effects were observed for both of these species, though in contrasting 
habitats and to differing degrees. In the presence of herbivores, com- 
petitive and positive effects were eliminated. It was observed that in this 
case, intense herbivory was able to override other biotic interactions 
such as competition and mutualism, which were not detectable in the 
presence of herbivores. 

Bonser and Reader (1995) investigated whether effects of competition 
and herbivory on plant growth depend on the above-ground biomass of 
vegetation. Transplants of Poa compressa^ a perennial grass, were 
planted in plots within six old fields and two herbaceous plant com- 
munities near water with a range of mean above-ground biomass from 
64 to 776 g/m^ The experimental design included plots which were caged 
to prevent herbivory and plots where neighbors were removed in caged 
and uncaged plots. Transplant shoot mass was significantly greater 
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where herbivores were excluded and neighbors were removed, especially 
at sites with high biomass. Shoot mass due to neighbor removal was 
significantly greater at sites with higher biomass. The authors conclude 
that competition and herbivory (primarily by small mammals and mol- 
lusks) each had a greater effect of plant growth at sites with higher bio- 
mass and that herbivory has less effect than competition on plant growth 
at sites with relatively low biomass. 
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Hormidium 5 
-flaccidum 11, 12 
Hormotilopsis 394 
host specificity 471 
Humata 417 
humulene 355, 356 
humulyl cation 356 
Huperzia 425 
Hyalopyremia 447 
Hydnum rufescens 469 
hydraulic parameters 207 
Hydrilla verticillata 258, 259 
hydrochory 503 
Hydrocotyle bonariensis 512 

- vulgaris 513 
Hydrodictyaceae 394 
hydrophobins 474 
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Hydropteridaceae 415 
Hydropteris 415 
Hydrurales 379 
Hymenelia 442, 446 
Hymenophyllaceae 414,418 
Hymenophyllopsidaceae 423 
Hymenophyllum 418 
Hymenoscyphus ericae 476 
Hyoscyamus muticus 350 
hypaphorine 474 
hypersensitive response 299 
hyphae, emanating 484 
Hypogymnia physodes 454 
Hysterangium crassirhachis 469 

lAA 483 

inbreeding depression 167 
incompatibility, vegetative 66 
inheritance 39-73 
-biparental 41,48 

- cytoplasmic 39 

- extranuclear 99-114 

- mitochondrial 54 

- mode of 40 

- organelle 39, 42, 50 

- - genetic control 52 

- nuclear contribution 52 

- plasmid 69 

- uniparental maternal 49 

- - paternal 49 

interactions between plants 514-522 
intracellular selection 40 
introns 100 
Involucropyrenium 447 
iodide inhibition 8-11 
ion channel(s) 244, 304 

- transport, guard cell plasmalemma 209 

- - tonoplast 209 
lonaspis 442, 446 
lonocybe appendiculata 469 
- fuscomarginata 469 

- lacera 469 

- obscurobadia 469 

- terrigena 469 
Irideae 390 
Iris hybrids 47 
iron-limiting conditions 478 
Isochrysis 376 

isoenzyme banding patterns 442 

Isoetaceae 420 

Isoetes 420 

isogamy 41 

Isonema 370 

isoprenoid(s) 262 



- biosynthesis 341 
isotope, radioactive 246 

- stabile 246 
isozymes 171 
Itonoa 390 

jaeschkeanadiol 342 
Jarmania 446 
jasmonic acid 474 
Juglans 206,207 
Juniperus ashei 214 

channels 327, 328 
Kaernefeltia 445 
Kalilo 71 
Katablepharis 385 
ketoconazole 348 
kinetoplastids 370 
Klebsormidiophyceae 392, 397 
Klebsormidium 397 
Kluyveromyces lactis 63 
Kochia scoparia 520 
Koeleria cristata 514 
Komma 384 

Labyrintha 446 

Laccaria amethystina 473, 476, 484, 487 

- bicolor 471, 477, 479, 481, 482, 487 

- laccta 471, 472, 480, 481, 484, 485, 487 
-proxima 481,487 

Lactarius 475 

- blennius 473 

- chrysorrheus 469 

- deterrimus 487 

- lilacinus 469 

- obscuratus 469 

- omphaliformis 469 

- salmonicolor 469 

- serifluus 469 

- subdulcis 473 
Lagarostrobus franklinii 451 
Lagynion 379 

Lamiastrum galeobdolon 513 
Laminariales 383 
Lamprothamnium 398 
Lanatosphaera 448 
Larix decidua 474, 476, 481 

- X L. leptolepis 44 
Larrea tridentata 206 
Lasallia pustulata 454 
Lathyrus sylvestris 508 
Laurus azorica 208 
leaf exudates 428 
Lecanactis 450 
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Lecanopteris 419, 425 
Lecanora 439, 444 

- conferta 452 

- muralis 453 

- subcarnea 444 
Lecanorales albinos 440 
Lecidea 440, 441 
Lemna 4,16,17,21-24,27 

- minor 508 

- trisulca 7, 19 
Lens culinaris 45 
Lentinula edodes 43 
Lepidodinium 373 
Lepisorus 419 
Lepista nuda 479 
Lepraria 447,451 
Leproloma 451 
Leptochilus 419 

Leptodontidium orchidicola 471 
Leptogium 446 
Leptosira 395 

Lesquerella carinata var. languida 514 

Leucocarpopsis 440 

Leucocryptos 385 

Leucodictyon 385 

Leucostegia 417 

levan 121 

levansucrase 122 

lichen(s), biodeterioration 453 

- biodiversity 458 

- biology, culture 442, 443 

- cetrarioid 445 

- chalk grassland 456 

- cladistic analyses 443 

- classification 444 

- colonization 452 

- conservation 455-457 

- discocarpous orders 446 

- ecology and physiology 45 1 -454 

- epiphytic diversity 451 

- floristics and phytogeography 448-450 

- foliicolous 451 

- growth rates 454 

- gypsiferous outcrops 456 

- mediterranean 449 

- megalithic monuments 456 

- molecular biology 442 

- phylogeny 443 

- physiology 453 

- pyrenocarpous orders 446, 447 

- sequestered compounds 453 

- subfossil 452 

- transplantation methods 457 
Lichenobactridium 448 



light direction 4, 5, 11-13, 23, 27, 28 

- trap 16, 18 

light-mediated activation 256 
lignocellulose 479 
Lilium longiflorum 50 
lime 482 

linkage group 170 
lipid peroxidation 286, 290 
Llavea 420 
Lobaria 454 
-discolor 443 

- oregana 451 

- pulmonaria 451, 457 
Lobelia 208 

Lolium perenne 47 
Lomagramma guianensis 427 
Lomariopsidaceae 4 1 4, 4 1 8 
Lotharella globosa 385 
Loxomataceae 414 
Loxosporopsis 446 
lubimin 350, 351 

- cyclodehydroiso- 350, 351 
-dehydro- 351 
-dihydro- 350,351 

- hydroxy- 350,351 
-iso- 350,351 
Lupinus albus 209 
Lychnothamnus 398 
Lycopodiaceae 420,427 
Lycopodium 428 

- chromosome numbers 420 
Lyophyllum decastes 471 
Lythrum salicaria 519 

Macrothelypteris torresiana 428 
Magnolia hybrids 45 
maize 90,144,153,155 
malate 242 

- valve 304 

male sterility 139-159 
--artificial 156 

- - cytoplasmic 99, 113 

- - genes 142 

- - nuclear 140, 142-145 
Mallomonas 380 
Malus 179,184 

- X domestica 45, 169, 179 

- seiboldii 179 
mangroves, lichen flora 451 
mannitol 289 
Maranhar 72 

Marchantia polymorpha 64, 100-102, 
105 

marker(s) 93 
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- genes 89 

marker-assisted selection (MAS) 168 
Marsilea drummondii 100 
Marsileaceae 415 
Marsupiomonas 392 
mating types 53 
Matonia 418 
Matoniaceae 414, 418 
Matsucoccus acalyptus 482 
Mazosia 446 
Mazzaella 390 

Medicago sativa 46, 48, 49, 52, 64, 295 
megagametophytes 183 
Mehler reaction 286, 291, 296, 300 
Mehler-ascorbate peroxidase reaction 
297 

Meiodiscus 389 
Melaleuca uncinata 471 
Melampsora larici-populina 183 
Melpomene 418 
Mendelian factors 168 
Mentha aquatica 208 
Mesembryanthemum crystallinum 200, 
213 

Mesopedinella 'ill 
Mesostigma 393 

- viride 397 
Mesotaeniaceae 397 
Mesotaenium 9, 14, 21-23, 397 

- caldariorum 1 1 
metalenriched environments 451 
Metaxayaceae 414 
methionine 288 

7-methoxy- 1,2-dihydro-cadalene 354, 
355 

methyl jasmonate 302, 304, 306 
a-methylene-y-lactone group 342 
12-methylidene farnesyl pyrophosphate 
346 

mevinolin 348 
Micarea 440 

microbeam irradiation 8, 16 
Microbotryum violaceum 43, 53 
microfilaments 19, 24 
Micromonadophyceae 392 
Micropolypodium 418 
microprojectile bombardment 88-96 
microtubules 19,20,25,27 
mitochondria 39 

- evolution 107 

- extranuclear inheritance 99- 114 
mitochondrial biogenesis 99 

- genetics 99 

- genomes 99-106 



- respiration 200 

- targeting 108 
-transcription 106,107 
Mn-SOD 295 

Mohria 420 
molecular markers 171 
Monachosoraceae 414 
Monochosorum All 
monocotyledons 90 
monodehydroascorbate reductase 293 
Monomastix 392 
Monostroma latissimum 43 
Monotropastrum globosum 488 
monotropoid mycorrhiza 488 
montmorillonite 475 
Mougeotia 5-15, 17, 18, 20, 21, 23-26, 28, 
29, 397 

- signal transduction 26 

mtDNA 52,54,59,63,64,72,99,101 
Musa acuminata 47 
mutants 53 

- transplastomic 94 
mutations 142 
mutualism 516 

mycelium, extramatrical 477, 482, 485 
mycobiont cultures 443 

- morphology and anatomy 440 
mycorrhizae 469-488 

- ectendo- 487, 488 

- ecto- 469-487 
-monotropoid 488 
mycorrhizal roots 482 
mycorrhization helper bacteria 481 
Myeloconis 447 

Myocastor coypus 521 
myosin 18, 19, 24, 27 
Myoso tis laxa 515 
Myriophyllum 208 

NAD(P)H oxygenase 299 
Naetrocymbe 447 
Nanochlorum 395 
nap cytoplasm 148, 149 
Naucoria escharoides 469 

- subconspersa 469 
Nelumbo nucifera 268 
Nemaliales 388, 389 
Nematochrysopsis 384 
nematode 481 
Neocatapyrenium 447 
Neocheiropteris 419 
Nephrolepidaceae 414 
Nephroma 442 

- occultum 451 
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Nephromopsis 445 
Nephroselmis 392 
nerolidyl diphosphate 353 

- pyrophosphate 342, 354 
Neurospora 71 

- crassa 42, 51, 62, 63, 69, 70, 110, 112 

- intermedia 69, 70, 72 

- tetrasperma 42 
Nicotiana 113 

- plumbaginifolia 46 

- tabacum 46, 51, 64, 347-349 
Nitella 398 

Nitellopsis 398 
nitrate 241, 478 
nitrogen 477, 482, 483 

- deposition (lichens) 454 
Noctiluca 373 

- miliaris 373 
Noctiluciphyceae 372, 373 
Nodobryoria 445 
Nothofagirhiza vinicolor 470 
Nothofagus 469, 470 
Notholaena 420 

- nivea 428 
nuclear DNA 104 

- restorer genes of CMS 113 
nuclear-encoded RNA polymerase 107 
nuclear-mitochondrial interactions 99 
nucleo-organellar interactions 67 
nutrient availability 237, 239 

- cycling 241, 245 
-fluxes 234,237,245 

- whole plant 245 

- transport 234-247 

- uptake, interaction of ions 241 

- - regulation 242 

- - root 239 

- - xylem 240 

Ochroma 205 
Ochromonadales 379 
Odontella 377 
Oedogoniales 393, 395 
Oedogonium 395 
Oenothera 48, 49, 64 

- erythrosepala 46 

- hookeri 46 

- hybrids 46, 52 
Ogura cytoplasm 148 
oil(s) 268 
Oleandraceae 414 
Olistodiscus 382 
Oltmannsiopsis 393 
Omphalina 442 



open reading frames 142 
Ophioglossaceae 415 
Ophioglossum 415 
Ophiostoma ulmi 42 
Opuntia 204 
organ identity genes 140 
organelle biogenesis 99 
-DNA 39-73 

- genomes, recombination 59 

- inheritance 39, 42, 50 

- - genetic control 52 

- - nuclear contribution 52 

- transcription 108 
Oryza sativa 65 
osmoregulation 196 
osmotic potential 193 
Osmunda 415 
Osmundaceae 414 
Ostreococcus 393 
Othonna opima 200 
ovalicin 351, 352 

- biosynthesis 352 
oxidation, amino acids 287 

- fatty acids 287 
oxidative burst 299 
oxygen 282-307 

- active 200 

- evolving complex 285 
Oxyrrhis 372 

ozone 455, 483 

Pachypleuria 417 
pAL2-l 72 
Paliaina 391 
Palmariales 388, 389 
Panicum virgatum 521 
Paradomyces 448 
Paragymnopteris 420 
paraphyse, receptacular 418 
Parmelia 445, 448 

- sulcata 455 
Parmeliaceae 445 
pathogen attack 306 

- defense 299 

pathogenesis-related proteins 299 

Paulinella 385 

Paulinia acuminata 425 

Pavlovophycidae 375 

Paxillus involutus 470, 476-483, 485, 486 

Pb accumulation 485 

pectate lyase 126,128 

pectin acyl esterase 128 

- esterase 128 

- lyase 128 
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- methyl esterase 126, 128 
pectinase 126 
Pedinellales 377 
Pedinomonas minutissima 385 
Pediomonas 392 

- tuberculata 392 
Pelagomonas calceolata 383, 384 
Pelagophyceae 377, 383 
Pelargonium 52 

-zonale 46,48,49 
Pellaea 420 

- hybrids 44 

Peltigera 442, 449, 454, 455 
Penicillium roqueforti 346, 347 
Pennisetum americanum 47, 520 
pentalenene 342, 355, 356 

- synthase 355 
pentalenic acid 356 
pentalenolactone 355, 356 
PEP carboxylase 258 
perfusion experiments 245 
Peridinium blaticum 374 
-foliaceum 374 
Perigrapha 448 
peroxiredoxin(s) 290, 294 
Pertusaria 450 
pesticides 483 
Petalomonas 371 
Petunia 59, 113, 150 

- hybrida 46, 52, 64 
Pfiesteria piscicida 373 
pH 245 

Phacopsis 448 
Phaeocystis 375, 376 

- antarctica 375 

- globosa 375 
-pouchettii 375 
Phaeographis 440 
Phaeophila 395 
Phaeophilales 395 
Phaeophyceae see Fucophyceae 
Phaeophysica 444 

Phalaris coerulescens 301 
phalloidin 18, 19 
Phanerophlebia 417 
Pharbitis hybrids 46 
Phaseolus 150, 154 

- vulgaris 46, 213 
Phegopteris polypodioides 427 
phenolic compounds 167 
phenoloxidase 479 
phenylalanine ammonium lyase 301 
phenylpropanoids 474 

phloem 240 



phlogopite 478 
Phlyctis argena 441 
phorophyte 451 
phosphatase activities 477 
phosphate 243 

phospholipid hydroperoxide glutathione 
peroxidase 290, 293 
phosphorylase 262 
photobiont 441 
photoinhibition 285, 296, 298 
photomorphogenesis 14, 28, 29 
photooxidative damage 285 

- stress 306 

photoperception 7-15,21,28 

- light direction 12 
photoreception 27 

photoreceptor pigment (s) 7, 8, 10-12, 

27, 28 

- - action spectrum 7 

- - chlorophyll 7, 10 
--cryptochrome 7-11,15,23,28 

- - dichroic orientation 12, 13 
--flavin 7,8,10,11,15,27 

- - genetic approach 14, 15, 25, 29 

- - hybrid photoreceptor protein 1 5 

- - multiple 9-12, 28 
--pterin 15 

- phytochrome 7-11,14,15,18,19,21, 
23,25, 26,28 

photorespiration 259, 268, 296 
photosynthesis 254-270, 452-454 

- dynamic regulation 296 

- quantum yield 298 

photo synthetic depression 454 

- electron transport 285 
photosystem I 286 

-II 286 
phototaxis 4-6 
phototropism 6, 14, 15, 28, 29 
Phycopeltis 396 

Phylloglossum drummondii 427 

phyllotaxis 427 

phylogeny of ferns 413 

Physarum polycephalum 42,53,70,72 

Physciaceae 444 

Physcidia 446 

Physematieae 423 

physical activation 284 

Phytium aphanidermatum 481 

phytoalexin 120 

phytochrome 7-11, 14, 15, 18, 19, 21, 23, 
25, 26, 28 

- action dichroism 8 
-aging 11 
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- compartmentation 8, 14 

- dichroic orientation 12, 13 

- gene expression 14 

- location 8, 10, 14 

- microtubule-binding sites 14 

- molecular orientation 8 
phytopathogenic bacteria, genetics 119- 

130 

Phytophthora 174 

- infestans 42, 53 

- parasitica 42 
phytuberin 350 
Piccolia 446 

Picea 184,209,469,470 

- abies 182, 184, 469, 471-479, 481, 482, 

484, 485 

- hybrids 44 
Piceirhiza cornuta 470 

- stagonopleres 470 
picrotoxane 352 
Piloderma croceum 470 
Pinaceae 469 

Pinirhiza arachnorosea 470 

- granulosa 470 

- lactariosimilis 470 

- lactogelatinosa 470 

- lutea 470 

- luteoalba 470 

- stellannulata 470 
Pinus 184,209,469,470 

- banksiana 45, 471, 480 

- xP.contorta 45 

- contorta 474, 481 

- edulis 482 

- elliottii 482 

- YdiX. elliottii 183 

- halepensis 483 

- kesiya 480 

- lambertiana 182, 184 

- monticola 45 

- palustris 183 

- patula 472 

- pinaster 183, 203, 214 

- ponderosa 483, 494, 514 

- strobus 480, 485 

- sylvestris 473-477, 479, 481, 482, 484, 

485, 487, 506 

-taeda 45,208,478,484 
Pisolithus aurantioscabrosus 470 

- tinctorius 474-478, 481, 483-485, 487 
Pisum sativum 46, 64, 68 
Placidiopsis 447 

Placidium 447 
Plagiogyriaceae 414 



Planophila 394 

plant(s), organelle DNA 39-73 

- transgenic 1 56- 1 58 
Plantago 113 
-lanceolata 114 

- major 266 

plasma membran, hyperpolarization 304 

- - proton pump 325 
plasmid(s) 69-73 

- circular 69 

- inheritance 69 
-Kalilo 71 
-linear 69 

- natural 69 
-plDNA 70 

- recombination 70 

- senDNA 70 
plasmodiophorids 385 
Plasmodiphora 385 
plastid(s) 108 
-DNA 104 

- genomes 92 
Plastoma 390 

- marginiferum 390 
plastome 88, 92-95 
Plectranthus marrubioides 212 
Pleosporales 447 
Pleurastrophyceae 392 
Pleurastrum 395, 396 

- insigne 392, 393 

- paucicellulare 396 

- sarcinoideum 396 
Pleurosoriopsis 414 
Pleurotus ostreatus 43 
Plocamiales 386, 389, 390 
Plumbago zeylanica 50 
Poacompressa 521 
Podosorus 419 
Podosphaera leucotricha 179 
Podospora anserina 43, 62, 63, 69-72, 

112 

Podotara 446 

po/ cytoplasm 148,149 

pollen development genes 141 

pollution monitoring (lichens) 455 

Polyblastia 440 

Polycornum 447 

polygalacturonase 126 

polygenic control 168 

polymerase chain reaction (PCR) 168 

polyphosphate bodies 473 

Polypodiaceae 414, 418, 425, 427 

Polypodiopteris 419 

Polypodium cambricum 419 
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- macaronesicum 419 

- vulgar e 419 
polysaccharides 167 

- extracellular 119-126 
Polysphondylium pallidium 42 
Polystichum 417 
Polytomella 393 

Poncirus 184, 185 

- trifoliata 169, 174, 176, 177 
population ecology 502-522 
Populirhiza pustulosa 470 
Populus 1 82- 1 84, 1 98, 45 1 , 469, 470, 

- alba 486 

- balsamifera 509 

- euamericana cv. Eugenei 520 

- hybrids 46 

- tremula 452, 456 

- - X P. tremuliodes 486 

- tremuloides 509 
Porphyra 387 

- purpurea 377 
Porphyridiales 386, 387 
Porphyridium 387 
Porpidia 440 
Postgaardi 370 
Potentilla anserina 513 

- reptans 513 
Prasinococcus 393 
Prasinoderma 393 
Prasinophyceae 392 
productivity of plants 269 
proline 196 

promoter 301 
-elements 11,306 

- OxyR 303 
protease 479 
protein export 105 

- import 99 

protein-protein interactions 257 
proteomyxids 385 
Protoblastenia 440 
protoilludyl cation 355 
proton extrusion 20 
Prototheca 395 

- erumpens 395 

- terrestre 395 

- wickerhamii 100-102 
protozoa, ancient 111 
Protparmelia badia 445 
proxidase 476 
prunia 440 

Prunus 177, 184, 185 

- armeniaca 169 

- avium 169 



- cerasus 169 

- domestica 169 

- dulcis 169 
-per ska 169, 177 

- salicina 169 
-serotina 169 
Prymnesiophyta 375, 376 
Prymnesium 375 
Pseudeurotium ovalis 352 
Pseudobombax 206 
Pseudo cyphellaria 448, 450 
Pseudodichotomosiphon 382 
Pseudogoniochloris 382 
pseudoguaianolide 343 
Pseudomonas 126 

- cepacia 129 
-fluorescence 129, 481 

- putida 481 

- solanacearum 121,123 

- syringae 129 

- viridiflora 129 
Pseudonitschkia 448 
Pseudonitzsch ia m ultiseries 38 1 
Pseudopedinella tricostata 378 
Pseudopeltula 445 
Pseudoregneria sp kata 514 
Pseudosagedia 447 
Pseudoscourfieldia 392, 393 
Pseudostaurastrum 377 
pseudotestcross strategy, double 179 
Pseudotsuga 469, 470 

- menziesii 45, 65, 472, 482 
Pseudotsugaerhiza baculifera 470 
Psilotum 414 

ptaquiloside 428 
Pteridaceae 414, 420, 428 
pteridophytes, bibliography 420 
-biodiversity 423 

- chemosystematics 428 

- collections 420 

- ecology 423 

- ethobotany 429 
-floristics 421-423 

- geography 423 

- horticulture 429 

- isozyme electrophoresis 424 

- morphology and anatomy 426-428 

- nomenclature 420 

- root anatomy 426 

- systematics 413-429 

- uses 429 

- vicariance 424 
Pteridium 428 

- aquilinium 44, 50 
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Pteridomonas 378 
Pteris vittata 10 
Pterocladia 389 
Pterosperma 392 
Pterospora andromedea 488 
Pterozonium 423 
Puluinaria 384 
Purshia tridentata 514 
Pycnococcus 392, 393 
Pycnopsammina 448 
Pyramimonas 392 
Pyrenomonas 384 
Pyrenula japonica 441 
Pj^rus communis 169 
pyruvate-Pj dikinase 259 
Pythium sylvaticum 42 

quantitative trait loci (QTL) 168, 199 
Quercirhiza argenteobrunneola 470 
- fibulocystidiata 470 

- squamosa 470 

Quercus 182, 184, 209, 469, 470 
-ilex 199,213 
-palustris 478 

- petraea 505 

- - X Q. robur 182 
-pubescens 199,474,486 
-pyrenaica 213 
-ro^wr 46,484,485 

- virginiana 214 

Raciborskiella 440 
-janeirensis 440 
radioactive isotope 246 
Radiofilum 393 
radionuclides 487 
radish ORF 138 153 
Ralstonia 126 

- solanaceorum 121, 123, 124, 126, 127, 
129 

Ramalina 444 

- menziesii 453 

- siliquosa 443 
Ramalinaceae 444 
Ramalinora 444 
Ramaria aurea 470 

- largentii 470 
-spinulosa 470 

- subbotrytis 470 

random amplified polymorphic DNA 
(RAPD) 172 
RAPD-PCR 508 
Raphidophyceae 382 
reactive oxygen species (ROS) 282-289 



formation 296, 298, 300 

regulatory potential 299 

rearrangements 73 
RecA-like enzymes 68 
receptor(s) 304 

-auxin 315,317,318,320,322,323 
Reclinia 445 
Reclinomonas 106 

- americana 99, 101-103, 105, 107 

- - DNA sequence 105 
recombination 39-73 

- analysis 171 

- frequency 170 

- homologous 60 

- hot spots 60 

- illegitimate 62 

- intramolecular 59, 60 

- intraorganellar 59, 60 

- organelle genomes 59 
-plasmid 70 

red algae see Rhodophyta 

- lists 456 

redox regulation 300, 301 
-control 301 

- homeostasis, cellular 301, 306 

- sensitive transcription factors 303 

- signalling 303, 304 
-state 303,305 
reflection coefficients 243 
Reichlingia 448 
repeats, direct 60 
-inverted 60 

replication, rolling circle 51 

- slippage 62 
reproduction 507 
resistance 168 
restorer(s), of fertility 113 
-genes 113 

restriction fragment(s) 173 

- - length polymorphisms (RFLP) 171, 
172 

Resultor 392 
resvertol synthase 301 
Reticulosphaera 376 
Rhinanthus angustifolius 505 
Rhinomonas 384 
Rhizinia undulata 480 
Rhizobium legumes 120 
Rhizochromulina marina 378 
Rhizochromulinales 378 
rhizome 511 
rhizomorphs 473, 484 
Rhizopogon 488 
-luteolus 479,481 
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- roseolus 485 

- subcaerulescens 470 
Rhodochorton 389 
Rhododraparnaldia 388 
Rhodoglossum 390 
Rhodogorgonales 388 
Rhodomonas 384 
Rhodophyta 386-391 
Rhodothamniella 389 
Rhodymeniales 386, 389, 390 
Rhynchopus 370 

ribosomal DNA in Cladonia 442 
ribulose-bisphosphate 
carboxylase/oxygenase see Rubisco 
rice 90, 152, 156 
Ricinus 209, 239 
Rinodia 448 
Rinodina 444 
rishitin 350, 351 
RNA editing 99 

- genes, scrambled ribosomal 99 

- polymerase 106, 109 

- - nuclear-encoded 107 
RNA-mediated transfer 67 
root, auxin 332 

- cap 203 

-competition 515-517 

- composite transport model 204 

- pressure chamber 236 

- - exudation 235 

- respiration 240, 476 

- water uptake 202- 209 
root-soil air gaps 202 
Rosa 46 

Rosaceae 169 
rotational streaming 10, 16 
Roya 397 
Rubisco 255 

- activase 255 
Russula fuegiana 470 
-pumila 470 
Rutaceae 169 

S cytoplasm 145, 156 
Saccharomyces cerevisiae 41, 43, 48, 
51-54, 62, 63, 66, 69, 105, 110, 112, 344, 
345 

Sadleria 416 

salicylic acid 302, 304, 306 
Salix 197,469,480,503 

- caprea 456 

- exigua 515 

- glauca 471 

- herbaceae 471 



- viminalis 208 
Salmonella typhimurium 303 
Salvia officinalis 356 
Salvinia auriculata 425 
Salviniaceae 415 
Sambucus nigra 8, 9 

sap composition 237 
Sarcinochrysidales 377, 379, 383 
Sarcinochrysis 384 
sarcomonads 385 
Sarcothalia 390 
Sargassum 383 
Sasa kurilensis 509 
sativane 352 
SAUR genes 329 
Saxifraga hypnoides 64 
Scenedesmus 394 
Scherffelia 392 
Schizaeaceae 414, 420 
Schizophyllum commune 43, 53 
Schizosaccharomyces pombe 41, 43, 53, 
110 

Schizymenia 390 
Scholander pressure method 235 
Scleroderma citrinum 476, 479 
Scleropyrenium 447 
Sclerotinia fructicola 350 
Scourfieldia 393 
Scrippsiella 374 

- cf. trochoidea '571 
Scytosiphonales 383 
Secale cereale 47, 72 
seco-pseudoguaianolide 343 
secondary plant substances 341,356 
seed dispersal 502-506 

- predation 506 
seedlessness 168 
segregation 171 
-distorted 176 
Selaginella 5, 425 
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